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1. Introduction 
In 1998 the International Handbook of Science Education was compiled, in the words 
of the its authors, to: 
Synthesise and reconceptualise past research and theorising 
in science education, provide practical implications for 
improving science education, and suggest desirable ways to 
advance the field in the future. 
(Fraser and Tobin, 1998) 
More recently Edgar Jenkins (1999) reflects on this as being too narrow a stand by 
arguing that neither "evidence based practice" nor the `need to improve action" 
should be needed as a way of justifying scientific research. "Understanding for its 
own sake is seemingly insufficient. " Jenkins further makes the point that 
"unquestionably, the bulk of the research has also been concerned with science 
teaching at school, rather than college or university level... " 
In addressing the above comments this study aims to `provide practical implications 
for improving science education', add to the `evidence base', `be concerned with 
university teaching' and offer understanding `for its own sake'. To this end: 
" An existing research instrument is refined and used to replicate findings at 
the pre-university level and test the refined instrument. 
"A new instrument is developed to extend the work to undergraduate 
students. 
9 Factors affecting understanding amongst undergraduates are explored. 
"A potential teaching scheme is outlined. 
" Existing schema which appear to be following these recommendations are 
reviewed. 
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1.1 Context of the study: 
The study of quantum phenomena is often bedevilled with the semantics of what can 
be considered a quantum phenomenon. In this study the terms quantum mechanics, 
wave-particle duality, quantum electrodynamics, Heisenberg's uncertainty principle, 
atomic energy levels and wave mechanics are all considered to be quantum 
phenomena. Before setting the context for this study it is worth looking at the wider 
context of quantum phenomena as expressed by some of those engaged in its 
formulation and application. 
Feynman on Quantum Electrodynamics; 
What I am going to tell you about is what we teach our 
physics students in the third or fourth year of graduate 
school - and you think I'm going to explain it to you so you 
can understand it? No, you're not going to be able to 
understand it. Why, then, am I going to bother you with all 
this? Why are you going to sit here all this time, when you 
won't be able to understand what I am going to say? It is 
my task to convince you not to turn away because you don't 
understand it. You see, my physics students don't 
understand it either. That is because I don't understand it. 
Nobody does. 
(Feynman, 1985) 
Einstein on Quantum Theory; 
... (it reminds me o o... the system of delusions of an 
exceedingly intelligent paranoiac, concocted of incoherent 
elements of thought. 
(Quoted in Fine, 1986) 
Bragg on Wave - Particle Duality; 
Elementary particles seem to be waves on Mondays, 
Wednesdays and Fridays, and particles on Tuesdays, 
Thursdays and Saturdays. 
(Quoted in Koestler, 1972) 
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Bohr on Quantum Theory; 
There is no quantum world. There is only an abstract 
physical description. It is wrong to think that the task of 
physics is to find out how nature is. Physics concerns itself 
with what we can say about the world. 
(Quoted in Peterson, 1985) 
During the past twenty years a great deal of research has been carried out and 
published on student's understanding of all aspects of physics taught in schools and 
colleges, with the exception of quantum phenomena. It is now some ninety years 
since the currently accepted ideas of quantum physics were first formulated and 
published but research into students' understanding is still thin. Accounts of students' 
understanding of energy, motion, particulate nature of matter, electricity and light are 
summarised in Pfundt and Duit (1994). Students from England and Wales wishing to 
read for a physics based degree at University will, in all but the more exceptional 
circumstances, study the two-year GCE Advanced Level Physics course. The first 
year of this course, known as Advanced Subsidiary (AS) contains a compulsory core 
element of quantum phenomena; 
Quantum phenomena 
Photons and energy Photon model of electromagnetic radiation, E= hf. 
levels Photoelectric effect, including work function W. 
Photon energy = work function energy + maximum 
electron kinetic energy. 
Line spectrum of atomic hydrogen as evidence for 
discrete energy levels, hf = El - E2 . (QCA, 1998) 
However, as can be seen, this does not specify a study of either the Heisenberg 
Uncertainty Principle or the Schrödinger Wave Equation and as such the majority of 
students will be unlikely to receive formal teaching in these areas prior to embarking 
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on a University course in physical science. The interpretation of the core material by 
the examinations groups confirms this, for example. 
Wave-particle duality 
Electromagnetic spectrum 
Photon model of 
electromagnetic radiation 
The continuous nature of the spectrum 
The Planck constant 
E= hf 
The photoelectric effect 
Collisions of electrons with 
Atoms 
Ionisation, excitation 
Energy levels, photon emission 
Wave-particle duality 
Work function, 4, photoelectric equation 
hf= c+EK 
The electronvolt 
Line spectra (e. g. of atomic hydrogen) 
hf=Ei-E2 
Particle diffraction 
De Broglie wavelength 
A=h/p 
(NEAB, 1998) 
The proposed subject specification for GCE Advanced level physics, which is 
expected to come into force from September 2000, includes the following section on 
quantum phenomena: 
3.9 Quantum physics 
Quantum physics Photon model of electromagnetic 
radiation, E= hf, for example, the 
photoelectric effect, (including work 
function where photon energy = work 
function energy + maximum electron 
kinetic energy) or line spectra (including 
the evidence afforded by atomic line 
spectra, hf = El - E2 ) 
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3.9.1 Photons 
3.9.2 Matter 
Photon model of electromagnetic 
radiation, E=hf, the photoelectric effect, 
including work function where photon 
energy = work function energy + 
maximum electron kinetic energy or line 
spectra including the evidence afforded 
by atomic line spectra, hf = El - E2 
Evidence for quantum behaviour of 
matter including qualitative discussion of 
particle diffraction. 
Evidence for quantum behaviour of 
matter, including particle diffraction. 
(QCA, 1998) 
At the pre-GCE Advanced level, the GCSE, the Bohr model of the atom is required 
teaching. However the model is not only misunderstood by the students but also, it 
would appear, by those involved in its examination; 
0 
" alpha particI,. A 
00 -- 0 
alpha particle .B 
y'he paths of the alpha particles depend on the forces on, them in the metal. 
Figure 1.1.1 Misunderstanding of the Bohr model of the atom on GCSE Physics 
paper. Taken from NEAB Higher Tier Physics Paper, June 1998 
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Two groups, both based in Germany, have carried out the most comprehensive 
research into students' understanding of quantum phenomena. One group is based at 
the University of Bremen and the other at the Free University of Berlin. The Bremen 
group, led by Professor Niedderer, has implemented a teaching scheme for German 
grade 13, (a near equivalent to UK years 12/13, i. e. ages 17-19), in which the 
Schrödinger Wave model is not excluded. 
.... whereas most teachers at the moment teach Atomic Physics on the basis of Bohr's model, the Schrödinger 
model, within our more qualitative approach based on the 
notion of standing waves, allows for more and better 
explanations in relation to chemistry, and is nearer to what 
scientists of today believe. 
(Niedderer, Bethge and Cassens, 1990) 
This view is largely supported by the work of the Berlin group who advocate a 
teaching scheme for quantum physics which is based around the following elements; 
1. reference to classical mechanics should be avoided 
2. teaching of the photoelectric effect should begin with 
electrons not photons 
3. statistical descriptions of the observations should be used 
and dualistic descriptions should be avoided 
4. Heisenbergs' Uncertainty Principle should be 
introduced at an early stage of the course 
5. in the treatment of the hydrogen atom the Bohr model 
should be avoided. 
(Fischler and Lichtfeldt, 1992) 
When specifically investigating understanding of the `atom - electron' the Berlin 
group elicited the following conceptions in a study of 240 students following the 
Leistungskurse (Advanced level) course in the Gymnasium (Grammar school) prior to 
teaching the unit on quantum physics. 
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Circle; In this conception the centrifugal force and the 
Coulomb force are in equilibrium with the electrons 
travelling around the nucleus in fixed orbits. Approximately 
63% held this view. 
Charge; In this conception it is the Coulomb force between 
protons and electrons and electrons and electrons, which 
causes the separation between the particles to be 
maintained. Approximately 24% held this view. 
Shell; In this conception the electrons are on a firm casing, 
a shell, on which they are fixed or on which they are able to 
move. Approximately 8% held this view. 
70 r-- 
60 
50 
40 
c 
30 
a 
20 
10 
0 
Circle Charge Shell 
conception 
Fig 1.1.2 Views held by students on the `atom - electron' 
After teaching the unit on quantum physics a fourth conception was elicited from 
some students. 
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Localisation of Energy; In this conception the Heisenberg 
Uncertainty Principle was seen as the basis for the stability 
of the atom with the restriction in space of the electrons 
giving rise to an increase in their kinetic energy and the loci 
of the electrons being subject to statistical distribution. 
(Fischler and Lichtfeldt, 1992) 
The Bremen group found that for the majority of students mechanical thinking in 
terms of classical physics was dominant. The different ideas in quantum physics were 
acquired by the students only in terms of the appropriate scientific language but 
forgotten soon afterwards. When reviewing this work the Berlin group commented, 
"The conscious top-down process of reconstruction which had to be done by the 
students in the everyday language was not possible for them. " Fischler and Lichtfeldt 
(1991). 
Whilst not having been subjected to any rigorous evaluation a teaching scheme for 
Advanced level physics students in England and Wales has been proposed recently by 
Lawrence (1996). The important elements of the material developed by Lawrence 
and his co-workers being that: 
" the ideas developed should be of further use and reinforce important ideas already 
met in physics and elsewhere 
9 the style of argument used should be identifiably physics 
" the ideas should have cultural worth 
9 the skills acquired by the students should be intrinsically useful 
The central ideas used to deliver the above being: 
" quantisation 
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" wave-particle duality 
" nonlocality 
" tunnelling 
The first attempt to examine the conceptions held by GCE Advanced Level Physics 
students, and their similarity with the German studies, was in 1993. This work was 
carried out with a group of 57 students in Oxfordshire as part of the Students' 
Conceptions of Quantum Physics Project, (Mashhadi, 1996). Using a questionnaire 
format, which utilised open and closed questions, drawings of particular situations and 
attitude scales, the following conceptions of the atom were constructed. 
The mechanistic picture; This consisted of (many) fast- 
moving electrons in definite orbits, approximately 25% held 
this view. 
The probabilistic picture; This consisted of electron 
clouds being regarded as providing a `probabilistic' picture 
but with electrons still being considered as particles, 
approximately 25% held this view. 
The random motion picture; This consisted of a mixture 
of the mechanistic and probabilistic pictures to produce a 
viewpoint involving random movement within a bounded 
region or at different energy orbits, approximately 23% 
held this view. 
The `smeared charge cloud' picture; This picture 
consisted of electrons not as individual entities but `spread 
out' all around the orbit, approximately 10% held this 
view. 
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Visualisation not possible picture; A few students held 
the view that it was not possible to visualise atomic 
electrons, approximately 5% held this view. 
30 
25 
20 
m 
15 
10 
5 
0 
rF 
Graff cd' 
picture 
Fig 1.1.3 `pictures' found in the Students' Conceptions of Quantum Physics 
Project 
Following an analysis of a larger group of pre University physics students Mashhadi 
was able to define Clusters of thinking and map these onto a three dimensional 
Euclidean Space. The derived clusters were supported by Factor Analysis. 
The three Clusters were labelled; 
1. Quantum / Temporary representation to aid prediction / Realism - Scientific 
Realism. 
2. Intermediate / Mental Copy of reality / Logical Positivism - Instrumentalism. 
3. Mechanistic / Complete description / Scepticism - Instrumentalism. 
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These Clusters were mapped onto a Euclidean Space with dimensions; 
1. Certainty / Idealism / Complete representation sº Uncertainty / Realism / 
Incomplete representation. 
2. Defmiteº Indefinite. 
3. Mental representation / Non-visualisable / Fictitious entities f-0 Physical 
representation / Visualisable / Real Entities. 
In reviewing the data generated during this study it became apparent that three of the 
questions used in the data collection instrument produced relatively high loadings on 
more than one factor. 
Extract from factor loading matrix of Mashhadi; 
Factor 
1 
Factor 
2 
Factor 
3 
Factor 
4 
Factor 
5 
Factor 
6 
Factor 
7 
Factor 
8 
Factor 
9 
Factor 
10 
Factor 
11 
B39 -0.21 0.18 0.05 -0.13 0.11 0.31 -0.15 0.00 0.01 -0.04 0.03 
B42 0.29 -0.09 0.08 -0.07 0.20 0.22 0.01 0.22 0.19 -0.13 0.05 
B46 0.11 =0.19 0.23 0.05 0.04 0.30 0.27 -0.02 0.11 0.04 0.15 
These questions were considered to be `unsafe' in terms of any further work and were 
dropped. 
A further set of eleven statements were used in Mashhadi's study to address the 
students' understanding of the status of theoretical entities. The abstract nature of 
these items resulted in little significant difference between the two groups tested. 
These questions were also dropped for the study presented here. 
This resulted in a new data collection instrument of forty questions, which addressed 
students' understanding of quantum phenomena. Since quantum phenomena are, by 
their nature, often understood in terms of models eleven questions were identified 
which would more directly access this aspect of the students' understanding. 
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Given the above background this current study intends to verify Mashhadi's findings 
for pre-university physics students and extend the work to undergraduate physics 
students. An attempt to identify which factors may be more affective in developing 
students understanding of quantum phenomena at the undergraduate level will also be 
made. 
l-\ 
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2. Literature Review 
The following review of the literature initially focuses on the philosophical nature of 
quantum phenomena in section 2.1. Sections 2.2 and 2.3 review the literature 
regarding students' understanding of quantum phenomena and models. Section 2.4 
addressing the literature concerning gender bias in teaching and learning physics 
whilst section 2.5 addresses what it is to understand and how does explanation differ 
from understanding. 
It is hoped that by focusing on the philosophical that the reader will be given 
sufficient background to enable the remainder of the thesis, including the appendices, 
without the need to refer to other texts. 
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2.1 Philosophical Concepts in Quantum Physics 
Defining a philosophy 
The word `philosophy' frequently causes a feeling of 
apprehension in the average man and even the average 
student. Both believe that it deals with mysterious matters far 
removed from everyday life and that it traffics in ideas which 
only the brilliant few are capable of understanding. Such 
apprehension causes the average man (and the average 
student) to close his mind firmly against philosophy. " 
(Schofield, 1972) 
The notion of `mysterious matters far removed from everyday life' could not be better 
applied than to the study of quantum phenomena and the aim of this section is to 
present a `philosophy' of quantum phenomena which removes some of the 
`apprehension' and thus creates a state in which the reader does not `close his (or her) 
mind firmly against' quantum phenomena. 
The word `philosophy' comes from the Greek noun philosophia (4nA, oao4ta) which 
taken literally means the `love of wisdom' and is likely to cause no less apprehension 
than philosophy itself and again generate mysterious associations which suggest that it 
is beyond the grasp of all but the `brilliant few'. If the definition provided by Bertrand 
Russell is applied then these fears are well founded; 
"Philosophy", as I shall try to understand the word, is 
something intermediate between theology and science. Like 
theology, it consists of speculations on matters as to which 
definite knowledge has, so far, been unascertainable; but like 
science, it appeals to human reason rather than to authority, 
whether that of tradition or that of revelation. All DEFINITE 
knowledge, so I should contend, belongs to science; all 
DOGMA as to what surpasses definite knowledge belongs to 
theology. But between theology and science there is a no- 
man's-land exposed to attack by both sides; this no-man's- 
land is philosophy. 
(Russell, 1946) 
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Although writing some twenty years after the dawn of quantum thinking Russell was 
still taking a deterministic view of science and suggesting that much of the study of 
quantum mechanics belongs in the realm of theology. However Russell does go on to 
write that the term can be used and has been used "in a number of ways" the manner 
in which it is to be used here is that `it consists of speculations on matters to which 
definite knowledge has, so far, been unascertainable'. The working definition of 
philosophy used hence forth will be `the process of speculation about, or asking 
questions of, the manner in which nature behaves'. This definition can draw support 
from recent work in the field of philosophy of science by the physicist James Cushing. 
The theory of relativity is essentially the culmination of 
classical physics. Although revisions in our concepts of space 
and time are necessitated by both the special and general 
theories of relativity, the notion of causality, in which a cause 
precedes its effect, remains intact in the relativistic 
formulations of electrodynamics and mechanics and of 
gravity. An upper limit is set on the speed of bodies, and of 
the propagation of energy, and physical quantities are often 
defined operationally, but once we adjust ourselves to these 
new rules, our representations of physical processes proceed 
pretty much as they did in classical physics. On the other 
hand, quantum theory seems to require a much more profound 
philosophical revision of our thought patterns. Even the 
viability of the usual meaning of a causal connection between 
one event and another is therefore called into question. 
(Cushing, 1998) 
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The development of quantum mechanics 
In order to address some of the fundamental questions, and paradoxes, of quantum 
phenomena a brief history of the development of quantum mechanics is provided 
since in the words of Schrödinger (1956). 
History is the most fundamental of all sciences, for there is 
no human knowledge that does not lose its scientific 
character when men forget the conditions in which it 
originated, the questions it answered and the functions it 
was created to serve. 
More recently this notion has been represented in journals outside the `mainstream' 
of physics, for example Brush (1980), Cushing (1995) and Stuewer (1997). The latter 
of these offers: 
It comes as no surprise, therefore, that physicists have 
been vocal and staunch proponents of the idea of 
introducing history of physics into physics courses. Some 
have furthered their conviction by writing textbooks from 
a historical point of view. Others have helped organize 
conferences on the role of history in physics teaching. 
There is, however, a conflict between the historian's point of view and the physicist's 
point of view. For the physicist the goal is to gain deeper understanding of the 
universe by reducing the number of physical laws, i. e. by a series of unifications. The 
Holy Grail of the physicist becomes simplicity. 
It is, I think, characteristic of the physicist to want to get at 
the very essence of a phenomena, to strip away all the 
complicating features and see as clearly and directly as he 
can just what is really involved. That is why we prize 
simple conceptual models so highly.... 
(Klein, 1972) 
By contrast the historian would look for the illogical and complex. Helmholz (1892) 
used the analogy of a mountain climber: 
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I must compare myself to a mountain climber, who 
without knowing the way climbs up slowly and 
laboriously, must often turn around because he can go no 
further, discovers new trails, sometimes through 
reflection, sometimes through accident, which again lead 
him forward a little, and finally, if he reaches his goal, 
fords to his shame a Royal Road on which he could have 
traveled up, if he would have clever enough to find the 
right beginning. 
The remainder of this section provides the history of quantum phenomena which 
underlines the philosphical nature of the material. Later in the thesis it will be argued 
that this makes quantum phenomena distinctly different from other areas of physics 
and a teaching scheme which draws on the historical in a more selective way will be 
advocated. 
The starting point of quantum theory will be taken as 1900 and Planck's postulate of 
the quantisation of energy in blackbody radiation. It had been known for some time 
that the spectrum of thermal radiation contained in a cavity in thermal equilibrium 
must be a universal function of the temperature, completely independent of the 
material of the walls of the cavity. Detailed experimental work by Lummer and 
Pringsheim (1899) and Rubens and Kurlbaum (1900) had determined the shape of the 
spectrum, see fig 2.1.1.500 P(A, r 3200 K 
400 
300 
200 
100 
Figure 2.1.1 Blackbody radiation curves for the energy density p adapted from 
Cushing (1998) 
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Planck was able to present an argument which consisted of essentially 
phenomenological curve fitting, relying on classical ideas of entropy at long 
wavelengths and an ad hoc conjecture due to Wien (1896) for short wavelengths, but 
which generated a formula that fit the data perfectly for all wavelengths. However he 
was unable to offer any theoretical justification for the results. Planck himself said of 
the situation: 
But even if the absolutely precise validity of the radiation 
formula is taken for granted, so long as it merely has the 
standing of a law disclosed by a lucky intuition, it could 
not be expected to possess more than a formal significance. 
For this reason, on the very day when I formulated this 
law, I began to devote myself to the task of investing it 
with true physical meaning. This quest automatically led 
me to study the interrelation of entropy and 
probability...... After a few weeks of the most strenuous 
work of my life, the darkness lifted and an unexpected 
vista began to appear. 
quoted in Klien (1962) 
This `vista' regarded the walls of the cavity as harmonic oscillators which could 
absorb and emit energy only in discrete amounts, E, which is related to the frequency, 
f, of the absorbed or emitted radiation by: 
E= hf where h is Planck's constant. 
Although Planck quantised the oscillators in the wall of the cavity he did not quantise 
the electromagnetic radiation itself. However, this must be seen against the 
background of Maxwell's equations of electrodynamics the success of which was 
based on an electromagnetic field which could carry energy of any continuously 
varying amount. Qualitatively, it can be seen how Planck's energy formula was able 
to explain the shape of the spectrum for blackbody radiation: 
Using the equation of a wave, c=A 
E=hf becomes E=hc/A, 
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Therefore for any given finite amount of energy in the cavity there is some shortest 
wavelength which can be excited. Thus for a given temperature, T, each curve in 
figure 2.1.1 peaks at a most probable value. 
In 1905, during his Annus Mirabilus, Einstein took the notion of quantisation further 
by suggesting that electromagnetic radiation exists in the form of `packets' of energy 
which we now call photons. With this new way of thinking Einstein was able to treat 
the radiation from the blackbody as a `gas' of photons and by application of statistical 
mechanics, as used in thermodynamics, supply an alternative derivation of Planck's 
formula. Further application of the photon model supplied Einstein with the means to 
solve the classically unexplainable photoelectric effect. Classical electromagnetic 
theory predicted that the energy available in light is proportional to the intensity and 
independent offrequency however experimental evidence pointed to the opposite 
result. Einstein argued that if light, or any electromagnetic radiation, consists of a 
stream of photons of energy hf, then the maximum energy that an electron can absorb 
in a collision with a photon must also be hf. Considering that some energy is required 
to liberate the electron from the metal surface, now called the work function, 4, 
Einstein postulated that the maximum kinetic energy of the liberated electron must be 
given by: 
KEma=h- 4 
This result was verified by Robert Millikan and led to the Noble Prize for Einstein. 
In 1913, Bohr extended the notion of quantisation of energy to the Hydrogen atom. 
Rutherford's work on the scattering of alpha particles by atoms led to the concept of 
an atom as a small, very hard nucleus around which orbit electrons. In considering the 
line spectrum of hydrogen Bohr accepted Rutherford's nuclear atom to be as shown in 
fig 2.1.2, for further historical details see Heilbron and Khun, 1969. 
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'e 
F= mv2/r 
F= e2/4 
Applying mvr = nh/27c - `quantisation criteria' 
We have, r= n2h2 e/ it m e2 where n is an integer 
Figure 2.1.2 Bohr's model of the atom adapted from Cushing (1998) 
The condition for a stable orbit was considered to be that the electrostatic attraction 
between the electron and the nucleus provides the required centripetal force. However 
this model could not be supported by classical theory since the accelerating electron 
should radiate energy and hence spiral into the nucleus. In order to obtain a discrete 
set of stable orbits Bohr postulated', without any explanation, that electrons are 
confined to certain stationary states, with circular orbits, and that they emit radiation 
1 The presentation here is based on Bohr's original line of argument, Bohr, 1913, and may differ from 
that given in a `standard' text but the multiplying factor of'/z appears to have been, as in Planck's case 
rather ad hoc and the fact that the Blamer series could be derived by using % prompted Bohr to argue 
the'/2 is arrived at as the mean value of 0 and f 
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when they make transitions from one stationary state to another. The possible 
stationary states have quantised values of orbit angular momentum, L, such that: 
L= nh/2n where n is an integer 
The notion of transition from one stationary state to another considers that the atom 
emits a single photon of an energy equal to the difference between orbit energies. For 
example the transition between the first excited state E2 and the ground state E1 would 
emit a photon of energy hf such that: 
hf=E2-E, 
In accordance with Planck's quantisation of energy emitted or absorbed by a 
harmonic oscillator in multiples of hf, Bohr considered an electron infinitely far away 
from the nucleus falling into an allowed orbit and quantised the energy, hf of the 
photon in terms of the energy of the electron in its final orbit as: 
-E = n/2 hf where n is a positive integer 
In developing his theory Bohr considered only circular orbits. Sommerfield and 
Wilson both, independently, extended Bohr's quantisation rules for the angular 
momentum to elliptical orbits with periodic motion. This lead to the Sommerfield- 
Wilson quantisation rule: 
jp &q = nh/27t where q is the canonical co-ordinate and p is the momentum. 
In order to maintain the notion of transition from one stationary state to another Bohr 
was forced to regard the transition as `instantaneous'. It is now common to refer to 
such instantaneous transitions as `quantum jumps' or `quantum leaps'. Einstein 
demonstrated that quantum theory could not predict the timing of such a jump and 
neither could it predict the direction of the emitted photon of electromagnetic 
radiation. Quantum theory could, and still can, only predict the probability of such a 
jump taking place. This led to the often misquoted comment from Einstein's letter to 
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Max Born, "You believe in a God who plays dice and I in complete law and order" 
quoted in Stewart (1989). 
In Newtonian mechanics understanding the universe was based on stability rather than 
probability. Einstein's struggle with the probabilistic nature of quantum theory 
appears based on the notion that it violates what is regarded as being `normal'. 
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Wave mechanics 
The early studies in quantum mechanics relied on Newtonian ideas and sought to 
supplement Newton's laws with quantisation conditions. This allowed for the 
selection of the preferred stationary states in the Bohr model of the atom. 
Roughly, we can say that the old quantum theory accepted 
Newtonian kinematics, but sought to modify Newtonian 
dynamics with supplementary conditions. In the 1920s, 
physicists finally recognised that this attempt to graft 
quantum structure on the Newtonian roots was unworkable, 
and they recognised that both Newtonian kinematics and 
dynamics had to be discarded. 
(Ohanian, 1990) 
The first move away from the Newtonian influence was De Broglie's notion that 
`particles' have `wave' properties. De Broglie postulated that the frequency of the 
wave associated with a particle is related to the energy of that particle by the same 
equation as for the energy of a photon: 
E= hf 
By building on the relativistic connection between energy and momentum and 
frequency and wavelength De Broglie was able to postulate that the wavelength of 
the wave associated with the particle was related to the momentum of the particle 
such that: 
?, =h/p 
From which De Broglie proposed the wave function: 
yr = sin2n (ft - x/X) = sin27c/h (Et - px) 
The widely accepted confirmation of particle diffraction was due to the experimental 
work of Davisson and Germer (1927), using crystals to scatter electrons and 
Thomson, using thin metallic films. The results of these experiments not only 
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established the wave properties of the electron but also that `particle waves' obeyed 
the principle of superposition. 
Whilst this work was in progress Schrödinger formulated what is now commonly 
called the Schrödinger wave equation: 
S2 w (x, t) + 2m[E - V(x)1 tV (x, t) =0 
Sx2 h2 
Application of the three dimensional version of this equation to the hydrogen atom 
generated the quantisation of both angular momentum and energy. Schrödinger 
initially interpreted these results as the wave function representing the distribution of 
electric charge in space. However this would have allowed for the possibility of an 
electron being cut in two by an obstacle. The wave function idea was, in some ways, 
rescued by Born who proposed that the absolute magnitude of the wave function: 
IWI, 
represented the probability distribution for the position of the electron. 
The wave properties of particles and the description of 
particles by probability waves implied a profound revision of 
the foundations of physics. Instead of specifying the state of a 
particle by position as a function of time, we now have to 
describe the state by a wave function and we can never 
predict exactly where the particle will move as a function of 
time - we can predict only probabilities for motion from one 
position to another. " 
(Ohanian, 1990) 
It is this formulation of the `new' quantum mechanics which was to become the most 
popular amongst physicists. However, even before the Schrödinger wave equation had 
been published an alternative formulation was developed by Heisenberg. Heisenberg 
took the view that classical quantities such as position and momentum had no 
meaning in quantum mechanics since they could not be measured. He replaced all 
such classical quantities with ones directly related to the quantum mechanical 
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stationary states. Born and Jordan were able to see that Heisenberg's formulation was 
nothing but matrix multiplication and hence this formulation became known as 
"Matrix Mechanics". Both approaches generated the same results and soon 
Schrödinger was able to generate a mathematical proof that any formula constructed 
in wave mechanics could be translated into matrix mechanics and vice versa. 
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Wave - particle duality; a question of language?, 
.... Science 
is done within the context of a Weltanschauung 
or comprehensive world view which is a product of culture 
and primarily resident in ordinary or linguistically based 
language. 
(Suppe, 1977) 
The `particles' of modern physics are neither immutable, 
nor permanent, that is, neither indestructible nor 
uncreatable: their `motions' cannot be traced along 
continuous trajectories nor can they be even localised 
precisely. In truth, the very usage of the term `particle' or 
`corpuscle' is nothing but a mere inertia of the traditional 
language. 
(Capek, 1971) 
The philosopher Richard Carnap proposes that scientific language can be divided into 
two parts, the observation language which he labels Lo and the theoretical language 
which he labels LT; 
The Lo uses terms designating observable properties and 
relations for the description of observable things or events. 
The LT, on the other hand, contains terms which may refer to 
unobservable events, unobservable aspects or features of 
events,... " 
(Carnap, 1953) 
This distinction poses a fundamental problem for positivist semantics, which is, in 
reality what it is concerned with. How may theoretical terms be introduced 
legitimately into the language of science? What are the criteria for the significance of 
theoretical terms and sentences? 
All of Carnap's semantic analyses culminate in the problem 
of the relations between the observation language, Lo, and the 
various `artificial' languages of the formal sciences. The 
notions of `empirical science', `formal science', `semantic 
analysis', `reducibility', `the method of intention and 
extension', etc., serve both to represent the initial difference 
between the formal and the factual sciences and to 
conceptualise the relationship between them. I argue that the 
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distinction is essentially arbitrary, that is, it cannot be justified 
in any strict positivist epistemology. " 
(Hindess, 1977) 
During the nineteenth century physicists had observed interference and diffraction 
effects with light and that electrons, in cathode ray tubes, follow definite trajectories. 
The conclusion was simple in that light was a wave and electrons were particles. The 
discovery of particle properties of light, for example the photoelectric effect, and 
wave properties of electrons, for example diffraction, demolished the distinction. 
"Elementary particles seem to be waves on Mondays, Wednesdays and Fridays, 
and particles on Tuesdays, Thursdays and Saturdays ." (Bragg, op cit) 
Whether an electron, for example, exhibits wave or particle properties depends on the 
measurements we perform on it. For example in Thomson's work on electron 
diffraction the electrons `behave' as if they are `classical waves' when they pass 
through the metal film but behave as if they are `classical particles' when they strike 
the fluorescent screen. This `duality' where electrons have both classical wave and 
classical particle properties can be reduced to a linguistic problem. The processes 
taking place at the atomic and sub-atomic levels are beyond our direct experience and 
we lack the words to describe them (and most lack the intuition to visualise them). 
Attempting to describe electrons in terms of familiar concepts is always going to be 
inadequate. 
Eddington, proposed that electrons be called wavicles; but 
this quite apt neologism has not gained wide acceptance. In 
modem physics, electrons (or protons, or neutrons, etc. ) are 
often called quantum-mechanical particles. 
(Ohanian, 1990) 
More recently, Russell Stannard (1989,1991,1994) in a series of books aimed at nine 
to twelve year -old children covering relativity, black holes and quantum phenomena, 
circumvents the language problem. In Stannard's books electrons are never given 
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wave or particle properties but they are referred to as `quantum objects'. The removal 
of the linguistic baggage of quantum mechanics from school texts may, long term, 
serve the subject and its students well. 
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Wave - particle duality; the two slit problem 
.... Any other situation in quantum mechanics, it turns out, 
can always be explained by saying, You remember the 
experiment with two holes? It's the same thing. ' 
(Feynman, 1967) 
We choose to examine a phenomenon which is impossible, 
absolutely impossible, to explain in any classical way, and 
which has in it the heart of quantum mechanics. In reality it 
contains the only mystery. We cannot make the mystery go 
away by 'explaining' how it works. We will just tell you how 
it works. In telling you how it works we will have told you 
about the basic peculiarities of all quantum mechanics. 
(Feynman, 1965) 
Consider the experimental arrangement shown in figure 2.1.3 which gives the basic 
arrangement for the two slit experiment'. 
S2 
+ 
SI 
Source 
Double slit Detector 
Figure 2.1.3 The two slit experiment 
In our idealised case we make the source an electron gun and the slits small in relation 
to the de Broglie wavelength of the emitted electrons. The detector can be either a 
fluorescent screen or photographic plate. With both slits open, each becomes a source 
of spherical waves, which come together to produce an interference pattern at the 
detector. This is then easily explained using a wave model where dark bands are due 
to destructive interference and light bands constructive interference. 
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If one slit is closed then no interference pattern is seen and this can be understood by 
treating the electrons as particles - no interference hence no wave aspect. 
It is possible to carry out the above experiment in such a way that a single electron 
arrives at any one time. Treating such an electron as a particle then with both slits 
open it, one would expect, pass through one slit or the other. However, if the 
experiment is repeated many times an interference pattern can be seen to develop at 
the detector. 
Since the particle has behaved like a wave with both slits 
open, it does, in fact, reveal its wave aspect. And we have no 
way of knowing which slit the supposedly particle-like 
electron passed through. 
(Kafatos and Nadeau, 1990) 
If the experiment is refined to include a device capable of recording which slit the 
electron passes through then common sense would lead to the conclusion that we 
would have both an interference pattern at our detector and knowledge of which slit 
the electron passed through. 
However, if such an experiment is carried out two bright spots or bands are recorded 
at the detector, one in line with each of the slits. This is `evidence' of the particle 
nature of the electrons. The behaviour of the electrons, or photons, at the detector can 
be explained in terms of their `particleness' whilst their diffraction and `self 
interference' can only be explained in terms of their `waviness'. Unfortunately, this 
renders a consistent explanation of the whole experiment impossible. 
Diffraction experiments involving single photons being in the apparatus at any one 
time produce exactly the same results. The experiment contains a paradox of self 
interference, also if devices capable of recording which slit the photon passes through 
are employed then the pattern at the detector is the sum of two single slit experiments. 
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If we know which slit the photon or electron passes through then it must interfere 
with its self. 
Therefore, contrary to common sense: 
1. A photon or electron goes through both slits when they are open 
2. A photon or electron interferes with itself 
3. A photon or electron behaves like a particle at the detector 
"Is light `really' a wave, a combination of wave and particle, or something so 
different that it cannot be comprehended except as an abstract mathematical 
description? " as Home and Gribbin (1991) ask? 
2 any `particle' or `quantum object' could be used in place of photon or electron 
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Epistemology and ontology in quantum mechanics 
Epistemology is concerned with theories of knowledge, how we know what we know. 
Whilst ontology concerns itself with what we know about the nature of the world 
around us. Our knowledge of the world around us can be said to have ontological 
status and epistemological justification thus what we can know about a phenomenon 
depends very much on how we come to know. 
In classical physics there was never a problem about the ontology or epistemology. 
The ontology was such that the existence of fields and particles was taken to be 
independent of human observation. 
The epistemology was then almost self evident because the 
observing apparatus was supposed to obey the same objective 
laws as the observed system, so that the measurement process 
could be understood as a special case of the general laws 
applying to the entire universe. 
(Bohm and Hiley, 1993) 
In quantum mechanics, the simple approach to ontology and epistemology was found 
to be no longer applicable. Quantum mechanics involves a statistical theory, such 
theories are in general open to an ontological interpretation in terms of a stochastic 
process3 . The epistemology could then be taken to be similar to that for a 
deterministic model as in classical mechanics. However, both Bohr and Heisenberg 
question the validity of the stochastic process model on the basis of two postulates, 
`the indivisibility of the quantum of action' and `the unpredictability and 
uncontrollability of its consequences in each individual case. ' 
It follows from the above assumptions... . that in the 
measurement of p and x, for example, there is a maximum 
possible accuracy given by the uncertainty principle ApAx > 
h. This is clearly a limitation on the possible accuracy and 
relevance of our knowledge of the observed system. 
3A stochastic process is being taken to mean one in which random variables can be described using the 
accepted laws of probability. 
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However, this has been taken not as a purely epistemological 
limitation on our knowledge, but also as an ontological 
limitation on the possibility of defining the state of being of 
the observed system itself. 
(Bohm and Hiley, 1993) 
The relationship between theoretical structures of science and the natural world is 
called "Realism". Realism, as a philosophy, is as Hodson (1982) argues. 
Successive theories are better descriptions of what the world 
is really like, so that science progresses towards the truth. A 
scientist aims at a true description of the world and a true 
explanation of observable facts, though he cannot know for 
certain that his findings are true, and may have to change his 
views in the light of new evidence or a new way of 
interpreting existing evidence. Theories are conjectures, 
which are subjected to searching tests; they are guesses about 
reality, which we retain until they are shown to be false. 
(Hodson, 1982) 
Van Frassen (1980) addresses the assertion of `truth' in the construction of a 
scientific theory. 
... the position that scientific theory construction aims to give 
us a literally true story of what the world is like, and that 
acceptance of a scientific theory involves the belief that it is 
true... According to the realist, when someone proposes a 
theory, he is asserting it to be true... The idea of a literally 
true account has two aspects; the language is to be literally 
constructed: and so construed, the account is true. 
(Van Fraassen, 1980) 
The power of Bohr's argument derives from his determination to remain an 
uncompromising realist by insisting that all conclusions must be consistent with 
experimental results. Measurement or observation under controlled and repeatable 
conditions then become necessary to confirm the validity of any scientific theory. 
The very nature of quantum theory thus forces us to regard 
the space-time co-ordination and the claim of causality, the 
union of which characterises the classical theories, as 
complementary but exclusive features of the description, 
symbolising the idealisations of observation and definition 
respectively. Just as relativity theory has taught us that the 
convenience of distinguishing sharply between space and 
time rests solely on the smallness of velocities ordinarily met 
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with compared to the speed of light, we learn from quantum 
theory that the appropriateness of our visual space-time 
descriptions depends entirely on the small value of the 
quantum of action compared to the actions involved in 
ordinary sense perception. Indeed, in the description of 
atomic phenomena, the quantum postulate presents us with 
the task of developing a complementary theory the 
consistency of which can be judged only by weighing the 
possibilities of definition and observation. 
(Bohr, 1961) 
According to Bohr then, what we know about phenomena as a result of the 
experiments confirming the validity of quantum physics refers to, "observations and 
measurements obtained under specific circumstances, including an account of the 
whole experimental apparatus. " (quoted in Folse, 1985). 
If we view phenomena in this way then, according to Bohr we cannot conceive of the 
act of measurement as "disturbing phenomena... or creating physical attributes of 
atomic objects", (Bohr, 1985). Hence, we can only disturb phenomena via observation 
or measurement, if and only if we make the assumption that the universe is capable of 
description independent of observation or measurement. 
There is no `disturbance' here in the classical sense of a 
change of properties from one as yet unknown value of 
autonomously possessed physical magnitude to a distinct 
value of that magnitude under the casual action of the 
measuring instrument. Even talk of change of properties, or 
creation of properties, is logically out of place here because it 
presupposes some autonomously existing atomic world which 
is describable independently of our experimental investigation 
of it. 
(Hooker, 1972) 
Ontologically, the opposite of realism is idealism. Idealism can be taken to be a theory 
in which material objects have no reality beyond our sensory perceptions. Idealism as 
a philosophy is generally attributed to Bishop George Berkeley in his text Principles 
of Human Knowledge (1710). In order to avoid the conclusion that objects only exist 
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when they are observed, and hence the need for a conscious observer, Berkeley 
invokes God as the all seeing. Hence the universe is always `observed'. 
The following limerick, credited to Ronnie Knox, succinctly amplifies the dilemma of 
those who choose consciousness as the basis of phenomena: 
"There once was a man who said `Cod 
Must think it exceedingly odd 
If he fords that his tree 
Continues to be 
When there's no one about in the Quad"' 
The following anonymous riposte equally well puts Berkeley's point: 
"Dear Sir, Your astonishment's odd; 
I am always about in the Quad. 
And that's why the tree 
Will continue to be, 
Since observed by Yours faithfully, God. " 
(Both quoted in Polkinghorne, 1985) 
Beyond subjective idealism the ontology becomes Scepticism. Mashhadi (1996) 
points to two forms of Scepticism. 
1. Other minds Scepticism which takes the view that it is impossible to know the 
mental states of others. 
2. External world Scepticism which takes the view that one cannot have knowledge 
of reality `external' or beyond one's own mind. 
This leads to the view that `sure' knowledge of reality cannot be found, although one 
is free to seek such knowledge. 
At the epistemological level Scepticism is reformulated as Instrumentalism. 
Instrumentalism takes the view that a theory is only a computational tool and does not 
seek truth or the question of the `nature of reality'. 
.... modern physics is instrumentalist, but may nevertheless 
constitute an approximation to, or a hint at, realist theory. 
That is, a realist theory, even though it is unknown to us as 
yet, is `in the offing'. For if this were not so how could the 
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success of an instrumentalist theory be explained? Otherwise 
the success of the instrumentalist theory would have to 
depend on too many mere coincidences.... 
(Smart, 1968) 
Thus, if the question of the existence of sub-atomic particles were to be posed to an 
instrumentalist the reply would be to assert that any discussion of the existence of 
such particles would be simply a convenient way of presenting the results of 
observations. The realist view would be that since such particles exist without 
observation then they exist without, or independently of, any theory. 
The philosophical view of positivism argues that realism is `metaphysical' and that it 
can find neither support nor contradiction in the application of theories or 
observations. As Ray, (1991) states. 
1. Sense experience is accepted as the only admissible 
guarantor of our physical descriptions; hence statements 
involving an essential reference to theoretical or unobservable 
entities such as space itself or atoms may have at best an 
instrumental status in our accounts of the world. 
2. Our knowledge about the world is only regarded as secure 
if it may be checked against observation and experiment. 
3. We should not seek anything more than complete 
descriptive power in our accounts of the physical world; 
hence `fundamental' explanations, particularly those 
involving supposed causal connections or metaphysical 
entities, should have no place in science. 
Thus, in returning to the question of sub-atomic particles the positivist reply would be 
that instrumentalist and realist views agree that the theory is successful and that that is 
all that can be said. A number of philosophical points of view, as regards the ontology 
and epistemology of theoretical and observational entities, have been analysed by 
Koulaidis (1987). These are summarised in table 2.1.1 
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Realism Idealism Scepticism 
The world of nature exists 
independently of human 
thoughts. 
Scientific realism 
1. The world of nature 
exists independently of 
human thoughts. 
2. Genes, photons or 
chemical bonds exist, as 
do rabbits, radios or 
chairs 
No objects exist 
independently of thought 
about them. 
Logical positiv ism 
1. Only observable things 
e. g. rabbits, radios or 
chairs, exist. 
2. In general the better of 
two competing theories 
is the one which is nearer 
to the 'truth'. 
3. To be sure of 
approaching nearer to the 
'truth', one should 
follow the appropriate 
scientific method. 
There is no sense in asking 
whether observable things 
(like mountains) or 
unobservable entities (like 
energy) exist or not. 
Instrumentalism 
1. only observable things 
e. g. rabbits, radios or 
chairs. exist. 
2. In general the better of 
two competing theories 
is the one which gives 
the more useful results. 
Table 2.1.1 The ontology and epistemology of theoretical and observational 
entities. 
Is an ontological description of quantum mechanics needed? 
What will be argued in this section, following David Bohm, is the need for an 
ontological rather than an epistemological interpretation of quantum phenomena. 
The accepted formalism of quantum theory leads to results that, with ever increasing 
accuracy, agree with experiment and at the time of writing no experiment suggests an 
area in which the theory may break down. However, there are still questions of the 
basic significance of quantum theory which confuse the novice and remain obscure 
even to the leading-edge researcher. These can be summed by the statement from 
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Murray Gell-Mann, winner of the Nobel Prize for his work on the `three quark' model 
in particle physics. "Quantum mechanics, that mysterious, confusing discipline, which 
none of us really understands but which we know how to use. " (Gell-Mann, . 1980) 
In terms of pre-university and introductory undergraduate courses three fundamental 
questions need to be asked of quantum theory. 
1. Given that quantum theory provides a satisfactory treatment of statistical `wholes' 
why can it not treat individual quantum processes without unsatisfactory 
assumptions, for example collapsed wave functions? 
2. What is the significance of `wave - particle duality' in matter which is 
demonstrated in quantum interference experiments? 
3. Why does the theory not offer any clear reality of a quantum system? 
In higher level work, a forth question may be asked regarding the significance of 
`nonlocality' in connection with the EPR paradox4 as detailed by J. S. Bell, (1987). A 
full discussion of Bell's theorem (see appendix A) and the EPR paradox is beyond the 
scope of this work and this forth question will not be directly addressed. Returning to 
the first three questions posed the one thing which is clear about quantum theory is 
that it provides an algorithm for calculating the probability of an experimental result 
but gives no account of individual quantum processes. 
.. indeed, without the measuring instruments 
in which the 
predicted results appear, the equations of the quantum theory 
would be just pure mathematics that would have no physical 
meaning at all. And thus quantum theory merely gives us 
(generally statistical) knowledge of how our instruments will 
function. 
(Bohm and Hiley, 1993) 
4 The EPR paradox was published by Einstein, Podolsky and Rosen in 1935 under the title, `Can a 
Quantum-Mechanical Description of Physical Reality Be Considered Complete? ' The argument, 
simply put, was that in a complete theory there is an element corresponding to each element of reality. 
Since in quantum theory knowledge of position precludes the knowledge of momentum then either 1) 
the description of reality given by the wave function is incomplete or 2) position and momentum 
cannot have simultaneous reality. 
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It would appear from this statement that quantum theory is about our knowledge of 
reality and how we can predict the behaviour of this reality. Philosophically this 
would point to epistemology focusing on the question of how the knowledge is 
obtained and what can be done with such knowledge. It follows from this that 
quantum mechanics can, in reality, say little about `reality' itself. In philosophical 
terms it does not give an ontology of quantum phenomena. Ontology is concerned 
primarily with that which is and only secondarily with how we obtain our knowledge 
about this. 
By way of an example, we can consider the process of observation as an interaction 
between the system being observed and the apparatus used for the observation. The 
two would be regarded as existing together in a way that does not depend significantly 
on whether these are known or not. 
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Uncertainty in quantum mechanics 
If a quantum mechanical object has wave properties then it cannot have a sharply 
defined position and momentum. The wave packet describing the state of the quantum 
mechanical object has some `width' and hence spans a range of positions. Also since 
the wave packet is a superposition of a number of harmonic waves then it contains a 
range of wavelengths and hence a range of momenta. 
Wave particle duality therefore places a limit on the simultaneous measurement of 
position and momentum of a quantum object. Suppose an attempt is made to measure 
the position of a quantum object, for example an electron, by illuminating it with 
radiation of wavelength 7, using a microscope of angular aperture a, as shown in 
figure 2.1.4. 
Angle, a 
I 
psina 
Figure 2.1.4 Measurement of position with a microscope 
Since the radiation has wave properties then an image will be observed in the 
microscope but the size of the image will be limited by the resolving power of the 
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microscope. Standard theory for optical devices gives an uncertainty in the position 
LAC as: 
Ox=7, /sina (i) 
On the other hand, the fact that the radiation is composed of 
photons means that each time the particle is struck by a 
photon it recoils, as in Compton scattering. The momentum of 
the recoil could of course be calculated if we knew the initial 
and final momenta of the photon, but as we do not know 
through which points on the lens the photons entered the 
microscope, the x component of the particle momentum is 
subject to an error Op,,. 
(Rae, 1992) 
The error in the x component of momentum for the particle can be written: 
AN =p sina =h sins (ii) 
Combining (i) and (ii) gives: 
exepx _h 
This demonstrates the principle that if the precision of measurement of position is 
increased, by using radiation of shorter wavelength, then the uncertainty in the 
momentum must increase and vice versa. 
This is just one example of an experiment designed to 
measure the position and momentum of a particle, but it turns 
out that any other experiment with this aim is subject to 
similar constraints.... it is a direct consequence of the 
fundamental principles of quantum mechanics that in every 
case the errors in the position and momentum components are 
related by, AxApx ý V2 h. 
(Rae, 1992) 
This is known as the Heisenberg uncertainty principle and, according to the currently 
accepted formulation of quantum mechanics, it is a fundamental property of nature 
that any attempt to make simultaneous measurements of position and momentum are 
subject to this limitation. 
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Schrödinger's Cat Paradox 
The now famous cat paradox is introduced here to illustrate the completeness, or 
otherwise, of the quantum theory. This follows an historical parallel since Schrödinger 
developed the original 1935 paper following correspondence he had with Einstein 
regarding the EPR paper. In the cat paradox Schrödinger asks the reader to consider a 
cat, which is alive, in a sealed box. The box contains a vial of cyanide contained in a 
device which is triggered by a radioactive element with a probability of decay in one 
hour of exactly one half. See figure 2.1.5. If the element decays then the cat dies 
otherwise it continues to live. 
A cat is placed in a steel chamber, together with the following 
hellish contraption (which must be protected against direct 
interference by the cat): In a Geiger counter (sic) there is a 
tiny amount of radioactive substance, so tiny that maybe 
within an hour one of the atoms decays. If one decays then 
the counter triggers and via a relay activates a little hammer 
which breaks a container of cyanide. If one has left this entire 
system for an hour, then one would say that the cat is still 
living if no atom has decayed. The first decay would have 
poisoned it. The 'Y-function of the entire system would 
express this by containing equal parts of the living and dead 
cat. The typical feature in these cases is that an indeterminacy 
is transferred from the atomic to the crude macroscopic level, 
which then can be decided by direct observation. This 
prevents us from accepting a `blurred model' so naively as a 
picture of reality. By itself it is not at all unclear or 
contradictory. There is a difference between a blurred or 
poorly focused photograph and a picture of clouds or fog 
patches. 
(Schrödinger, 1935) 
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cat 11 chamber 
Figure 2.1.5 The `cat in a box' adapted from Baggott (1992) 
When the cat is sealed into the box the wave function for the system (cat + substance) 
corresponds to a live cat. However, after one hour the wave function of the system 
becomes a superposition of the two states corresponding to a live and a dead cat. 
However the act of observation must throw the cat into one or other of the two states 
if the wave function gives a complete description of reality. Schrödinger did not 
believe this to be a reasonable conclusion and it is this which prompted his 
correspondence with Einstein. Einstein's view is found in his reply. 
I am as convinced as ever that the wave representation of 
matter is an incomplete representation of the state of affairs, 
no matter how practically useful it has proved to be. The 
prettiest way to show this is by your example with the cat 
(radioactive decay with an explosion coupled to it). At a fixed 
time parts of the i- function correspond to the cat being alive 
and other parts to the cat being pulverized. If one attempts to 
interpret the yr - function as a complete description of a state, 
Literature review - philosophical concepts in 44 
quantum physics 
Students' Understanding of Quantum Phenomena 
independent of whether or not it is observed, then this means 
that at the time in question the cat is neither alive nor 
pulverized. But one or the other situation would be realized 
by making an observation. If one rejects this interpretation 
then one must assume the w- function does not express the 
real situation but rather that it expresses the contents of our 
knowledge of the situation. This is Born's interpretation, 
which most theorists today probably share. But then the laws 
of nature that one can formulate do not apply to the change 
with time of something that exists, but rather to the time 
variation of the content of our legitimate expectations. Both 
points of view are logically unobjectional; but I cannot 
believe that either of these viewpoints will finally be 
established. 
(Quoted in Prizbram, 1967) 
This being the case, a rhetorical question presents itself. What actually does the wave 
function represent? Is it our state of knowledge of the system, indicating that quantum 
mechanics is incomplete? Or is it the actual physical state of the system, indicating 
that the wave function collapses following our observation? 
This example is disturbing, because when it comes to cats 
(and other macroscopic objects) we feel sure that whatever 
we see when we open the box was already there. Or else, the 
other thing we might have seen was there; it is not 
inconceivable that the cat was alive till we opened the box, 
and died at that very moment. But our sensibilities are miffed, 
if not outraged, by the idea that it was not true that the cat was 
dead and also not true that it was alive: if quantum mechanics 
is applied uncritically, it allows superpositions of any states a 
macroscopic object can have - but what sense can we make of 
this? " 
(Van Frassen, 1991) 
If we accept the Born statistical model then the notion of the collapse of the wave 
function is nothing more than a correspondence with the revision of knowledge 
regarding the state of the cat. Nothing physical happens to the cat when an observer 
becomes aware that it is alive or dead. 
It is then an additional and logically independent restriction to 
claim that a more complete description than this statistical 
one is not possible. On the other hand, if the wave function 
represents that state of an individual cat, then a dramatic 
physical change accompanies the collapse of the wave 
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function. While a sudden change of the physical state just by 
observation may not appear too bothersome at the microlevel, 
it is disturbing and appears highly improbable at the level of 
macroscopic systems, such as a cat. Schrödinger seems to 
bank on our visceral (negative) reaction to the suggestion that 
our mere act of observing the cat actually produces a live or a 
dead cat (that is, either kills the cat or not). 
(Cushing, 1998) 
Thus, it is argued that Schrödinger could be said to have simply produced a very good 
argument against the completeness of quantum mechanicss but not a proof based on 
either mathematics or logic. 
"s Really the argument is only against the Copenhagen interpretation of quantum mechanics 
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Implications of quantum mechanics 
The mathematical formalism of non-relativistic quantum mechanics was completed, 
as outlined above, by Heisenberg and Schrödinger during the nineteen twenties and 
this formalism is still at the forefront of research in a diverse range of areas. However 
as Bernard d'Espagnat (1979) points out even if quantum mechanics is considered to 
be nothing more than a set of rules it is still in conflict with a common sense or `local 
realistic theory of nature' world view. This common sense world view is based on the 
assumption that: 
9 Observed phenomena are caused by a physical reality the existence of which is 
independent of human observation. 
" Legitimate conclusions can be drawn from consistent observations, i. e. inductive 
inference is a valid mode of reasoning. 
" No signal or influence can propagate faster than the speed of light. 
However Bohm and Hiley (1993) argue that the fundamental significance of quantum 
is still obscure. They raise the following four points: 
1. Though the quantum theory treats statistical 
ensembles in a satisfactory way, we are unable to describe 
individual quantum processes without bringing in 
unsatisfactory assumptions, such as the collapse of the 
wave function. 
2. There is by now the well-known nonlocality that has 
been brought out by Bell (1987) in connection with the EPR 
experiment. 
3. There is the mysterious `wave-particle duality' in 
the properties of matter that is demonstrated in a quantum 
inference experiment. 
4. Above all, there is the inability to give a clear notion 
of what the reality of a quantum system could be. 
Those currently working at the leading edge of theoretical physics appear to have 
extraordinary confidence in the `interpretability' of quantum mechanics without, what 
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one may consider a scientific approach, to the questions of `interpretation' in 
quantum mechanics. 
The continuing and often extremely heated debates about 
how quantum mechanics is to be interpreted is confined to a 
small group of philosophers and philosophically inclined 
physicists. The majority of physicists' questions about the 
meaning of quantum mechanics are viewed as having been 
taken care of by the `Copenhagen Interpretation'. 
(Mashaddi, 1996) 
Keller (1979) makes two points regarding the discouragement of inquiry into these 
questions by the community of physicists. 
.. the implicit or explicit dual message that (i) the survival of 
such questions is evidence only of the inquirer's' failure of 
understanding and (ii) such questions are "just" philosophy, 
and hence not legitimate. 
However, the interpretation of the formalism of quantum mechanics still has 
implications for determinism, realism and, as Jammer (1974) points out, logic as well. 
The problem for reality itself is addressed by Herbert (1985) who illustrates the 
argument by defining or outlining eight models of reality based on different 
interpretations of quantum mechanics: 
1. The Copenhagen interpretation, version (a): There is no deep reality 
2. The Copenhagen interpretation, version (b): Reality is created by observation 
3. Reality is an undivided wholeness (Bohm) 
4. The many-worlds interpretation (Everett) 
5. Quantum logic 
6. Neorealism (the world is made up of ordinary objects) 
7. Consciousness creates reality 
8. The duplex world of Heisenberg 
It is beyond the scope of this work to fully discuss the above list but further discussion 
can be found in Squires (1986), Seleri (1990) and Cushing (1998). 
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Interpretations of Quantum mechanics 
The traditional interpretation of quantum mechanics is the Copenhagen interpretation 
but because it provides only probabilistic information its adequacy has often been 
challenged. Several other interpretations have been proposed but none have been 
shown to be clearly superior to the Copenhagen interpretation. The wide acceptance 
of the Copenhagen interpretation has the effect that any physicist wishing to 
communicate her results will be almost compelled to use the language of the 
Copenhagen interpretation. 
Challenges to the Copenhagen interpretation do not focus on the numerical results 
obtained but on whether the Copenhagen interpretation gives the most complete, most 
exhaustive knowledge of the quantum system. Interpretations which aim to give more 
detailed knowledge or said to contain hidden variables. 
The discussion of the interpretation of quantum mechanics 
and of hidden variables has received a fresh stimulus in 
recent years, because it has become possible to perform an 
experiment originally conceived as a Gedankenexperiment 
by Einstein, Podolsky, and Rosen in 1935. A new 
theoretical analysis of this Gedankenexperiment by Bell in 
1964 established that it could be used to discriminate 
between the Copenhagen interpretation and a wide class of 
theories with hidden variables, and this encouraged 
experimenters to attempt some actual versions of the 
experiment. The experimental results fully support the 
Copenhagen interpretation and contradict theories with 
hidden variables. 
(Ohanian, 1990) 
The Copenhagen Interpretation can be summarised by the following four points: 
1. The state vector, I s'), provides a complete characterisation of the state of the 
system 
2. The state vector gives the probability distribution for the result of the 
measurement of any quantity which can be observed. 
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3. The uncertainty relations provide information as to the intrinsic spread in the 
values of complementary variables which denies the existence of exact values of 
complementary variables. 
4. Measurement produces an unpredictable change in the state vector, within the 
spread of the probability distribution. During such a measurement the 'wave 
function' of the system collapses into an eigenstate of the observable under 
measurement. 
The emphasis in the Copenhagen interpretation is on measurement and the process of 
making measurements. Philosophically this leads to an interpretation in terms of 
positivism. 
The conception of objective reality..... evaporated into 
the...... mathematics that represents no longer the behaviour 
of elementary particles but rather our knowledge of this 
behaviour. 
(Heisenberg, 1958) 
A strict application of the positivist doctrine would have the aim of science being to 
describe and predict, but not to explain. Hence, speculation regarding unobservable 
and unmeasurable entities is seen to be irrelevant. The emphasis on positivism, and by 
implication measurement, is both a strength and a weakness of the Copenhagen 
interpretation: 
Strength By making irrelevant any concern for unobservables no commitment is 
made to any `model' of atomic or subatomic entities. This gives it a great 
Weakness Students, and research physicists, often need to construct mental images of 
the atomic and subatomic universe. The `Dirac sea model' for antimatter 
and `Feynman diagrams' for fundamental particle interactions are but two 
examples. The Copenhagen interpretation does not satisfy this need for 
mental images. 
Table 2.1.2 Strengths and weaknesses of the Copenhagen interpretation 
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However, this still leaves the philosophical problem of what actually constitutes a 
`measurement' or an `observation'? 
It is possible that somewhere in the back of everyone's 
mind there lurked the idea of apparatuses that were 
`classical', i. e. that did not obey the rules of quantum 
mechanics. In the early days the universality of quantum 
theory was not appreciated, so it was more reasonable to 
divide the world into, on the one hand, observed systems 
which obeyed the rules of quantum mechanics, and on the 
other, measuring devices, which were classical. 
(Squires, 1986) 
The question that has to be answered is how this 
superposition (of vectors) can be reconciled with the fact 
that in practice we only observe one value. How is the 
measuring instrument prodded into making up its mind 
which value it has observed? 
(DeWitt, 1970) 
The Copenhagen solution to this problem is simple - there is no solution. Bohr 
applied `qualitative dialectic', which advocates that contradictions in nature are 
impossible to resolve. The collapse of the wave function then becomes the only way 
in which the classical Universe can be related to the Universe of quantum mechanics. 
It can be considered a useful algorithm which allows predictions of the outcomes 
of quantum measurements. 
While the great masters were vainly trying to eliminate the 
contradictions in Aristotelian fashion by reducing one 
aspect to another, Bohr realized the futility of such 
attempts. He knew that we have to live with this 
dilemma.... and that the real problem was to refine the 
language of physics so as to provide room for the 
coexistence of the two conceptions. 
(Lande, 1965) 
Bohr's thesis appears to have been based on a belief that the macroscopic apparatus 
used is classical and that measurements made correspond to irreversible processes. 
Others of the `Copenhagen school', however, believed measurement to be an 
`essentially human' activity. 
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If we postulate that classical mechanics, which provides an account of the behaviour 
of measuring instruments, is a separate theory from quantum mechanics we can define 
measurements as always definite and unambiguous. Therefore, objects such as 
measuring instruments can be assumed to obey different laws from leptons quarks and 
other microscopic entities. The collapse of the wave function associated with such 
entities occurs when they interact with the measuring instrument and since the 
instrument can never be treated quantum mechanically the `measurement problem' 
does not arise. 
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Alternatives to the Copenhagen Interpretation 
Among the numerous attempts to develop a realist 
interpretation of quantum mechanics, three alternatives to 
the Copenhagen Interpretation attracted some attention 
among physicists. 
(Brush, 1980) 
What will be presented in this section is not three but four alternatives6 to the 
Copenhagen Interpretation, the orthodox picture, the popular picture, the subjective 
picture and the many worlds picture. Each of these can be shown to be at variance 
with the Copenhagen Interpretation in the way in which the collapse of the 
wavefunction is dealt with These alternative interpretations do, however, maintain the 
main features of the Copenhagen Interpretation, viz.: 
1. The state vector, I yr), provides a complete characterisation of the state of the 
system. 
2. The state vector gives the probability distribution for the result of the 
measurement of any quantity which can be observed. 
3. The uncertainty relations provide information as to the intrinsic spread in the 
values of complementary variables which denies the existence of exact values of 
complementary variables. 
4. Measurement produces an unpredictable change in the state vector, within the 
spread of the probability distribution. During such a measurement the `wave 
function' of the system collapses into an eigenstate of the observable under 
measurement. 
6 No definitive number (or names) of alternative interpretations exists and those presented here draw on 
many, variously named, alternatives. The names used being taken from Ohanian (1990) 
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The orthodox picture 
This is the picture recorded by Heisenberg (1962) but conceived by both Heisenberg 
and Bohr. Essentially this picture argues that the results obtained in any experiment 
are to be described in classical terms. This, according to Bohr was essential if 
physicists were to communicate the results to each other. 
However far the phenomena transcend the scope of 
classical physical explanation, the account of all evidence 
must be expressed in classical terms. The argument is 
simply that by the word `experiment' we refer to a situation 
where we can tell others what we have done and what we 
have learned and that, therefore, the account of the 
experimental arrangement and of the results of the 
observations must be expressed in unambiguous language 
with suitable application of the terminology of classical 
physics. 
(Bohr, 1961) 
In the orthodox picture, the collapse of the wavefunction is not a physical process. 
The collapse is seen simply as a mathematical procedure or `method of accounting'. 
One approach to understanding this picture is to treat the wavefunction as a list or 
`catalogue' of all possible outcomes for all possible experiments which might, at some 
time, be performed on the system under consideration. Therefore, were we to plan an 
experiment on the system the `catalogue' would give us the probability of a given 
outcome. If no experiment is performed then the wavefunction evolves as predicted 
by the Schrödinger wave equation. However, if an experiment is performed and some 
observable measured - then one of the predicted outcomes becomes the outcome and 
all other outcomes must be rejected. Therefore, our `catalogue' must be rewritten and 
contain only one entry - the outcome measured. 
Bohr and Heisenberg emphasise that the wavefunction does tell us what happens in 
the system between measurements but that it only tells us that if we make one 
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measurement and at a later time a second, then the second is probabilistically related 
to the first. Quantum mechanics only tells us what happens in measurements; 
The formalism of quantum mechanics is to be considered a 
tool for deriving predictions of a .... Statistical character as 
regards information obtainable under experimental 
conditions described in classical terms. 
(Bohr quoted in Jammer, 1974) 
The orthodox picture insists on a sharp dichotomy between the quantum system and 
the apparatus. In applying the orthodox picture care must be taken with the system to 
be measured and the apparatus with which the system is to interact and the dividing 
line between the two. The state of the system is then described by the evolving wave 7 
function whilst the state of the apparatus is described according to classical 
mechanics. Whilst the sharp line must be drawn the orthodox picture allows 
considerable latitude as to where it must be drawn. Consider the apparatus shown in 
figure 2.1.6. 
utput 
photon 
Photocathode Final anode 
Figure 2.1.6 The detection of an electron using a photomultiplier tube adapted 
from Connor (1980) 
7This dividing is sometimes referred to as the Heisenberg cut. 
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According to the orthodox model the probabilities in the `catalogue' are not altered if 
we move the line so as to include some of the apparatus in the system. Therefore in 
the apparatus above the photon could be the system and the photomultiplier the 
apparatus or the photon and a portion of the photomultiplier could be considered the 
system with the remainder of the photomultiplier the apparatus, for example: 
Quantum system Classical apparatus 
The incoming photon The whole photomultiplier tube 
The incoming photon, the first dynode The remainder of the photomultiplier 
and the photoelectron 
The incoming photon, the first dynode, The remainder of the photomultiplier 
the first photoelectron, the second dynode 
and the additional electrons liberated 
The incoming photon and the whole of This is not allowed in the orthodox 
the photomultiplier tube? picture 
Table 2.1.3 Moving the line between `system' and `apparatus' 
The orthodox picture does not allow us to move the line so as to include the output 
end of the photomultiplier tube because this is where the classical pulse of current is 
measured. According to the orthodox picture a classical description becomes 
compulsory after an irreversible act of amplification' which completes the 
measurement. 
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A phenomenon is not yet a phenomenon until it has been 
brought to a close by an irreversible act of amplification, 
such as the blackening of a grain of silver bromide 
emulsion or the triggering of a photodetector. 
(Wheeler in Wheeler and Zurek, 1983) 
Wheeler, therefore, provides a test for the completion of a measurement, and hence an 
irreversible act of amplification due to the collapse of the wavefunction - the creation 
of a permanent record of the measurement. Although this criterion is clear and indeed 
plausible, can it apply unambiguously to the photomultiplier experiment? 
The answer here must be no on two counts; 
Firstly, the irreversible amplification takes place in stages, at each dynode, thus the 
question must be asked, when is the irreversible amplification sufficient to complete 
the measurement? And secondly given that the `total' amplification increases over 
time does this indicate that the collapse occurs `over time' rather than as a 
discontinuity? 
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The popular picture 
In order to avoid the collapse of the wavefunction, discontinuously or otherwise, and 
the dichotomy between `system' and `apparatus' the popular picture has no collapse! 
The system and apparatus are considered to be quantum mechanical but the dividing 
line between system and apparatus is retained. The apparatus and system are then 
described by a joint `state vector' which evolves with time as predicted by the 
Schrödinger wave equation. In this picture a measurement is, simply put, an 
interaction between system and apparatus. In such an interaction the state vectors of 
the system and the apparatus become correlated and the joint state vector forms a 
superposition of the correlated states. 
An alternative approach to the popular, due to Bohm (1951), introduces unpredictable, 
random phase differences into the state vector for the system during interaction with 
the apparatus at the time of measurement. The microscopic quantum state of the 
apparatus is unknown and is not reproducible from one measurement to the next. 
When the system interacts with the apparatus, the superposition of the parts of the 
state vector each acquire different random phases which makes the different parts 
incoherent. However this incoherent superposition, taken over many state vectors, is 
equivalent to an ensemble with a collapsed wavefunction. 
This means that in the popular picture there is collapse 
without collapse: the state vector does not really collapse, 
but the results for expectation values are the same as though 
it had collapsed. 
(Ohanian, 1990) 
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The subjective picture 
The subjective picture, first postulated by von Neumann (1955) and adopted and 
formulated by Wigner (1967), postulates that reduction or collapse of the 
wavefunction occurs when the information enters the conscious mind, thus if 
consciousness makes measurement definite then quantum physics is committed to 
idealism. 
Quantum mechanics has led us to take seriously and explore 
the view that the observer is as essential to the creation of 
the universe as the universe is to the creation of the 
observer .... Unless the blind dice of mutation and natural 
selection lead to life and consciousness and observership at 
some point down the road, the universe could not have 
come into being in the first place: .... there would be 
nothing rather than something. 
(Wheeler quoted in Trigg, 1980) 
The central question now concerns not the separation of `system' and `apparatus' 
but rather the separation of `subject' and `object' or `observer' and the `observed 
reality'. This leads one to pose the question, is it measurement that makes properties 
actual? 
.... In experiments about atomic events we have to do with 
things and facts, with phenomena that are just as real as any 
phenomena in daily life. But the atoms or the elementary 
particles are not as real: they form a world of potentialities 
or possibilities rather than one of things or facts. 
(Heisenberg, 1958; emphasis added) 
Wigner proposes that the collapse of the wavefunction is brought about by some 
unexplained (unknown) process, considered to be non-linear, whenever the quantum 
system interacts with the consciousness of an observer. This raises, what are for this 
author, three fundamental questions; 
I. In relying heavily on the concept of consciousness it does not address the issue of 
- what is meant by consciousness? Neither does it address the issue of - what 
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`level' of consciousness required, must the observer be human or would, for 
example, Shrödinger's cat be capable of bringing about the collapse? 
2. If everything is `in the mind' of the observer then the whole problem becomes 
inaccessible. The `mind' is not a physical entity and hence not subject to 
investigation. Does this then imply that physics has no objective significance? 
3. Given that measurement takes place when information enters the consciousness of 
the observer it is beyond coincidence that so many observers or consciousnesses 
come to the same conclusions regarding the results of physical measurements. 
This is true for both classical and quantum mechanics - how can this be explained 
without the existence of a universe with objective reality? 
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The many worlds picture 
The forth picture which, "easily exceeds all others in its bizarre quality" (Polkinhorne, 
1985), was proposed by Everett (1955). This picture is radically different in that there 
is no collapse, as in the popular picture, there is no division between system and 
apparatus and the observer is included as part of the quantum mechanical system. 
Instead the universe collapsing to one of a number of possible states following a 
measurement, all possible outcomes actually occur. This is achieved by postulating 
that each quantum mechanical measurement causes the universe to `branch' into a 
number of separate, but non-interacting, universes that can never be aware of each 
others existence. It should be noted that the `branching' includes `clones' of the 
observer. 
The cloned observers effectively inhabit different universes. Whenever a 
measurement takes place, the history of the universe splits into a number of branches 
which corresponds to the number of possible outcomes for the measurement. 
Therefore any measurement occurring anywhere in the universe gives rise to new 
branches, therefore the universe is continuously branching and each of us must be 
continually `cloning' even when we are not aware of the measurements taking place. 
In applying the test of Occam's razor, this picture can be seen to fail. What could be 
more opposed to the razor principle than a near infinite number of universes, which 
are unable to interact with each other thus making their existence impossible to 
verify? 
8A measurement need not be deliberately carried out but every quantum event which occurs will 
produce a further branch. 
Literature review - philosophical concepts in 61 
quantum physics 
Students' Understanding of Quantum Phenomena 
Jumps and trajectories in quantum mechanics 
Modern quantum theory allows one to make calculations regarding the probability of 
a spontaneous `jump' or transition occurring. The details are, however, left to chance 
thus severing the Newtonian or `classical' link with cause and effect. It is well 
recorded that Einstein viewed this as a retrograde step, for example, "I would be very 
unhappy to renounce complete causality. " (Einstein, letter to Max Born, quoted in 
Pais, 1982). 
It is perhaps this violation of what is considered normal which leads, in part, to the 
intellectual struggle both physicists and philosophers have, be they students or 
researchers, with quantum theory. In classical mechanics the notion of a trajectory for 
the motion of a particle is not questioned; 
[trajectory] corresponds to direct visual observation of the 
positions successively occupied by any moving object: a 
flying bird, a thrown stone, a falling body. It is also 
customary to speak of a trajectory for objects whose 
movement is not perceived, either because they move too 
quickly (for example a gun bullet) or too slowly (stars, 
planets). In all these cases the trajectory is identified as a 
line which joins the extreme positions identified by two 
successive observations. 
(Paoloni, 1982) 
Robin Collingwood in discussing the role of imagination in a persons construction 
of the world, writes that "If we look out over the sea and perceive a ship, and five 
minutes later look again and perceive it in a different place, we find ourselves 
obliged to imagine it as having occupied intermediate positions when we were not 
looking. " Collingwood (1946). 
This was the picture used in mechanics up to and including Newtonian mechanics. At 
the level at which quantum phenomena become observable the notion of uninterrupted 
observation of the motion becomes limited by the constancy of the speed of light. 
Since information regarding the position of the object can only be `communicated' to 
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an observer at a maximum limited by the finite speed of electromagnetic radiation - 
any two observations must be temporally separate by a non-zero interval. This point is 
better made by Heisenberg: 
We had always said so glibly that the path of the electron in 
the cloud chamber could be observed. But perhaps what we 
really observed was something much less. Perhaps we 
merely saw a series of discrete and ill-defined spots through 
which the electron had passed. In fact, all we do see in the 
cloud chamber are water droplets which must certainly be 
much larger than the electron. 
(Heisenberg, 1971) 
A second quantum mechanical problem regarding definite positions in a particle 
trajectory arises from the uncertainty principle. Whilst classical mechanics allows for 
the simultaneous precise measurement of position and momentum this is ruled out by 
the uncertainty principle. When, according to some interpretations of quantum 
mechanics, a particle is detected the wavefunction collapses. This give information 
regarding the current location of the particle but gives no information regarding 
where the particle has been. 
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Mathematics and physical reality 
It should now be clear that one problem, if not the problem, of quantum mechanics 
generally and more specifically the problem of `quantum measurement' is that of the 
nature of reality - what really exists in the universe? Many students, indeed many 
people, see the use of mathematics in physical science to be a testimony to validity 
and `scientific standing'. However in this section the aim is to look more critically at 
the role of mathematics in physics and particularly in the development of our 
understanding of quantum phenomena. 
Undoubtedly great success can be attached to the role of mathematics, for example the 
prediction of anti-particles by Dirac from: 
E=f mc2(1 + p2/m2c2)% 
Also the reciprocal transformation of matter into energy, famously quoted as: 
E=mc2 
All this would seem to testify forcefully that mathematics 
acts as a direct cognitive instrument, even abstracting from 
any physical system understanding of microscopic 
phenomena in causal and spacetime terms. 
(Selleri, 1990) 
The tendency to understand reality in intuitive terms was resisted by Heisenberg 
(1959), who favoured a "retreat into the mathematical scheme". The modem or neo- 
positivist would appear to follow this line to the extreme of requiring mathematical 
rigour as the criterion for defining that which is scientific. Unfortunately this position 
would place areas of astronomical or biological sciences outside `science' until a 
mathematical formulation of the propositions involved could be found. 
However a large part of modem theoretical physics has `fallen into line' with 
Heisenberg's view in maintaining, for example, that the properties which define the 
existence of certain particles are its quantum numbers - half-life, spin, baryon ) 
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number, strangeness etc. Modern theory maintains that just such a characterisation is 
only possible within a mathematical framework and not within any intuitive one. 
It must also be noted that mathematical formulations in physical science `outlive' the 
underlying philosophy which led to their formulation. To this end Maxwell's 
equations and the Schrödinger wave equation are still in common use, forming part of 
the `heritage' of physics, whilst the philosophy of the time leading to the 
mathematical formulation are no longer considered. 
In 1921 Einstein offered the following regarding the `problem' of mathematics. 
Here arises a puzzle that has disturbed scientists of all 
periods. How it is possible that mathematics, a product of 
human thought that is independent of experience, fits so 
excellently the objects of physical reality? Can human 
reason without experience discover by thinking properties 
of real things? " 
(quoted in Frank, 1957) 
In answer to the question posed Einstein's own work can be used as an example to the 
affirmative. The unification of the, at the time, great theories of physics, Newtonian 
mechanics and Maxwellian electrodynamics, was accomplished in special relativity. 
This led to the resolution of the conflict between the variance of mechanics and the 
invariance of electrodynamics and the (in)famous E= mc2. Both nuclear power 
generation and nuclear weapons of mass destruction followed vividly demonstrating 
the `real' implications of theoretical discovery. The work of Dirac can further be seen 
as a unification of special relativity and quantum mechanics. It should not now be in 
question that mathematical thinking has led to major discoveries in physics. However, 
it must not be forgotten that at the beginning of the century such developments would 
have been contrary to the widely held view that a direct relationship between 
mathematics and reality existed. The two examples below can be used to demonstrate 
the fracture between mathematics and reality: 
Literature review - philosophical concepts in 65 
quantum physics 
Students' Understanding of Quantum Phenomena 
1. The discovery of the fact that there is no logical contradiction in denying the 
axiom of parallel lines9. This led to the development of non-Euclidean geometries, 
for example in general relativity. The current belief being that an infinite number 
of perfectly rational geometries exist. 
2. The discovery of Gödel's theorem. This is the statement that one could not 
introduce in mathematics an axiomatic system that was simultaneously consistent 
and complete1° - if the system of axioms is consistent then completeness must be 
given up. 
The limited rationality of mathematics is succinctly put by Frege who whilst writing 
at the turn of the century makes comments applicable (and recognisable) today: 
It is quite scandalous that science is still in the dark about 
the essence of number. That we still do not possess any 
universally accepted definition of number would perhaps be 
admissible, if we found ourselves in agreement on the 
substance. But instead, even on this - whether number is an 
effective group of entities, or whether it is merely a sign 
that a man's hand traces on the blackboard, as if it formed 
something in the mind, so that psychology could study its 
origin, or whether instead it is purely logical construction; 
whether it constitutes a creation of ours and thus might 
disappear, or whether on the contrary it is something eternal 
- even on all this science has up to now not made any 
decision. Arithmetic does not know whether its terms deal 
with mere signs traced with a piece of chalk, or whether 
instead they deal with abstract objects. 
(Frege quoted in Waisman, 1936) 
Theoretical physics has, however, always made use of mathematics as an instrument 
of rationalisation. Therefore the role that mathematics plays in science is important. 
Using mathematics as an approach to knowledge has had its success stories, from 
Kepler's laws to modern string theory and theories of unification - especially the 
9 This is Euclid's fifth postulate 
10 A system of axioms is consistent if both a particular statement and its negation can never be deduced 
from it. A system of axioms is complete if a given, meaningful, proposition or its negation can always 
be deduced from it. 
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unification of the electromagnetic and weak forces. However, if we accept that we 
cannot speak of `absolute' mathematical rigour and that in the process of 
`mathematical' creativity the intrusion of non-formal mathematics occurs then 
conclusions can be reached which are not due wholly to deductive reasoning. The 
anti-particle prediction of Dirac can again be cited as example here as can the three 
quark model of particle physics proposed by Murray Gell-Mann and Charles Zweig 
in 1964. This latter proposal was so bizarre that Zweig was later to write: 
The reaction of the theoretical physics community to the 
model was generally not benign. Getting the CERN report 
published in the form that I wanted was so difficult that I 
finally gave up trying. When the physics department of a 
leading university was considering an appointment for me, 
their senior theorist, one of the most respected spokesmen 
for all theoretical physics, blocked the appointment at a 
faculty meeting by passionately arguing that the model was 
the work of a `charlatan'. The idea that hadrons, citizens of 
a nuclear democracy, were made of elementary particles 
with fractional quantum numbers did seem a bit rich. This 
idea, however, is apparently correct. 
(Zweig quoted in Fritzch, 1983) 
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2.2 Students concepts of quantum phenomena 
A little learning is a dang'rous thing, 
Drink deep, or taste not the Pierian spring: 
There shallow drafts intoxicate the brain, 
And drinking largely sobers us again. 
Pope - from `A Little Learning' 
A great deal of research into students' conceptions has been carried out both in the 
UK and elsewhere (see Pfundt and Duit, 1994: Eylon and Lynn, 1988: Perkins and 
Simmons, 1988: Fischbein, 1987: Osborne and Freyberg, 1985). Much of the research 
surveyed is content specific and provides detail descriptions of students' conceptions. 
However, with the exception of Mashhadi (1996), no UK based study of either pre- 
university or undergraduate students' conceptions of quantum phenomena were 
uncovered. 
Faucher (1987), in a study of Canadian undergraduates, highlights the problems the 
students experienced in learning quantum physics. The outcome of the study is a 
suggestion that the principal tactic used by the students is one of "pragmatical 
conceptualisation", in which the students "usually do not question accepted theories; 
they accept them as facts very easily after a short period of incubation, where doubt is 
allowed. " Faucher further argues that the `pragmatic conceptions" include: 
... poor conceptualisation of phenomena, weak 
comprehension of basic classical physics, inability in 
matching classical and modem physics, inaptitude to face 
new facts and to make generalisations.... Students hold a 
purely empirical view of science. " 
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The problem of `matching classical and modem physics' is highlighted by Gil and 
Solbes (1993) when they suggest that introductory modem physics needs to be 
introduced against classical physics not as its complement: 
Any meaningful learning of the few elements of modern 
physics introduced in high school would then be 
obstructed by the linear, accumulative view presented. In 
brief; modem physics was constructed against the 
classical paradigm, and its meaningful learning would 
demand a similar approach. 
Again this leads to the problem of how much can the classical paradigm be ignored 
when teaching modern physics at the pre-university level? Some recent attempts have 
been made by applying a constructivist methodology (see Ireson, 1998: Ireson, 1996: 
Palfreyman, 1994) to topics in relativity. The concepts in modern physics are often 
`purely mathematical' and hence any pictorial representation is likely to be 
`obstructed by linear, accumulative view'. Some writers take the view that this places 
concepts in modern physics beyond the reach of pre-university students and in the 
opinion of this author `over sell' the level of mathematics required to introduce 
students to modem physics: 
But if your pupils then think that they understand the 
quark model, the baryon octet will come as a shock. How 
do you explain to your bright sixth-formers why the spin- 
% combinations uud and udd exist, but not the uuu or ddd? 
And what is the difference between the A and the Z°, both 
of which are made from a uds combination? For 
undergraduates this can be and generally is, explained 
satisfactorily in terms of isospin and permutation 
symmetry or, in a few courses, by a full treatment of the 
representations of the SU(3) group. 
(Barlow, 1992) 
If we consider `modern physics' to be relativity, quantum mechanics and particle 
physics then as pointed out by Keller (1979) the concepts involved cause confusion 
and' misunderstanding not only amongst students: 
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Even among physicists, a comfortable, stable 
representation of the new integration required, particularly 
by quantum mechanics, is yet to be achieved; its absence 
is marked by a remarkable array of interpretations and 
partial accommodations, thinly veiled by a token 
conformity and consensus. 
More recent work, carried out in the USA (Bradley et al, 1998), demonstrates that 
misconceptions are common amongst undergraduate physics students. Based on a 
series of `interview tasks' the following two examples give a flavour of the 
misconceptions, regarding quantum phenomena, held by the undergraduates: 
1. A quote taken from an interview with a modem physics student which 
demonstrates a mistaken belief that no light can pass through a slit if the slit width 
is less than the wavelength of the light. 
Student [ Pointing to the equation, `asinO =V that he had previously 
written down. ] If we wanted a to be shorter than this 
wavelength.., then sinO would have to be greater than one, 
which it can't be. 
Interviewer And what do you conclude from that? 
Student That no light can pass through a slit that's smaller than the 
wavelength of light. 
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2. A quote demonstrating a mistaken belief that two or more photons are required 
for diffraction or interference minima to occur. The comments follow the 
question of what would appear on a photographic plate in a single-slit diffraction 
experiment with extremely low intensity light? 
Student If [the intensity] was really low, .... You would just see random distribution of light coming in, just like random spots.... 
they're not going to be interfering with each other anymore, 
because there's so few of them... 
Interviewer What if we let the experiment go on for a month? What would 
you think you'd see on the film? 
Student Pretty much lots and lots of dots. ... I guess the whole plate 
would be lit. 
It is these `misconceptions' and `conceptions' that this study addresses. 
However unlike the above study and recent work within the European context, (Petri 
and Niedderer, 1998), this study produces findings which can be interpreted at the 
level of the group rather than that of the individual. 
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2.3 Students' understanding of models 
In science `models' have long been used to give labels to unobservable entities or 
concepts, the `plum pudding' and the `sun and planet' model of the atom are examples 
of such models. Modern particle physics refers to `flavours' of quarks coming in three 
`colours' and uses `Feynman diagrams' to `represent (or model)' nuclear and sub- 
nuclear interactions. Words used in such a way, for example to refer to a `red up- 
quark' or `green antidown-quark', cannot be derived from any direct experience on the 
part of the user and can only have meaning attached in a theoretical framework. 
Words in science, for example `energy', do not always allow the luxury of referring to 
an object or entity but refer to concepts and as such: 
Science has constructed `models of reality', which attempt 
to provide an (sic) unified systematic `picture' that is able 
to not only describe a range of seemingly unrelated 
phenomena but is able to predict unknown phenomena and 
direct inquiries about the world. 
(Mashhadi, 1996) 
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The epistemology of model-building 
Theorising means ordering, structuring; as such it is an 
isomorphic correlate of material practice, its `alter-ego' in 
the Janus-faced human existence. Exactly like the 
productive activity, theorising consists in modelling reality. 
Theories are models. Any segment of universe we isolate 
in order to formulate its regularities presents itself to us as a 
cybernetic black-box: a processual going concern with only 
two points - inputs and outputs - open to the investigators' 
inspection. 
(Bauman, 1972) 
The above can be taken as a concise statement of the epistemology of model building 
in which knowledge of the universe is to be obtained through the construction and 
manipulation of models. Thus if theories are models then it is the theory that is a 
model for its interpretation. 
In this respect the epistemology of model-building inverts 
the structure of the mathematical theory of models and 
positivist semantics. Since theories are models rigour is 
possible only at the level of the model itself. The relation 
between the model and the facts it is supposed to represent 
must be extra-theoretical, a relation between theory, the 
model, and something exterior to theory, the facts. In this 
conception science is reduced to the construction of a 
plausible image and the theoretical activity of the scientist 
consists solely in the fabrication itself. The act of 
observation and the selection of some segment of the 
universe to be modelled are not theoretical activities. The 
selection of facts to be described, collected and brought 
together into a model can only be arbitrary with respect to 
theory since, for this epistemology, theoretical activity 
comes into play only after the facts have been gathered. 
(Hindess, 1977) 
If we accept Bauman's view that any part of, or event in, the universe presents 
itself to us a cybernetic black-box then any observer will be free to choose their 
Own `black-box'. This must then make observation essentially a-theoretical in 
nature. This is supported by Levi-Strauss; 
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.... facts are to be carefully observed and described, without 
allowing any theoretical preconceptions to decide whether 
some are more important than others. 
(Levi-Strauss, 1968) 
Once the facts have been collected the physicist is then free to construct models to 
account for them. Von Neumann and Morgenstern (1954) offer the following criteria 
for a sound model; 
The definition must be precise and exhaustive in order to 
make a mathematical treatment possible. The construct 
must not be unduly complicated so that the mathematical 
treatment can be brought beyond mere formalism to the 
point where it yields complete numerical results. Similarity 
to reality is needed to make the operation significant. And 
this similarity must usually be restricted to a few traits 
deemed `essential' pro-tempore - since otherwise the above 
requirements would conflict with each other. 
If, then, theoretical activity is essentially the construction of models that are similar in 
a `few traits deemed essential' then how similar do they need to be and how does the 
physicist choose between all possible models available? Once again Levi-Strauss 
(1968) offers an answer in which the facts are allowed to `decide for themselves'; 
The best model will always be that which is true, that is, the 
simplest model which, while being derived exclusively 
from the facts under consideration, also makes it possible to 
account for all of them. 
The above notion of `arbitrariness' in the selection of facts and the term `similarity' 
does not sit well with the usual rigour of physics where both semantics and 
mathematics require precise and unambiguous correspondence both one and the other. 
This epistemology shares nothing but the word `model' 
with the theory of models in mathematical logic. By no 
stretch of the imagination can it be said to represent the 
place and function of models in mathematics or the natural 
sciences. Where the scientific use of models involves 
rigorous articulation of two theoretical domains, the 
epistemology of model-building effectively proposes an 
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essential arbitrariness in the relation between theory (the 
model) and its domain of interpretation. 
(Hindess, 1977) 
In order to move the epistemology of model building forward it is necessary to 
establish it as a way of `getting at' knowledge. General Systems Theory maintains 
that the universe is essentially ordered and that knowledge can only reflect its 
order as the product of patterns of thought that both precede and predetermine the 
possible forms of knowledge; 
The world is, as Aldous Huxley once put it, like a 
Neapolitan ice cake where the levels, the physical, the 
biological, the social and the moral universe, represent the 
chocolate, strawberry, and vanilla layers. We cannot reduce 
strawberry to chocolate - the most we can say is that 
possibly in the last resort, all is vanilla, all mind or spirit. 
The unifying principle is that we find organisation on all 
levels. The mechanistic worldview, taking the play of 
physical particles for ultimate reality, found its expression 
in a civilization glorifying physical technology which 
eventually has led to the catastrophes of our time. Possibly 
the model of the world as a great organisation can help to 
reinforce the sense of reverence for the living which we 
have almost lost in the last sanguinary decades of human 
history. 
(Von Bertalanffy, 1967) 
However it is difficult to see how this view can be treated as more than a circular 
argument since knowledge of the universe is obtained through the construction and 
manipulation of models or `systems'. This is possible because the universe is taken to 
be made up of systems. 
An alternative approach to the elimination of the `arbitrariness' of the epistemology is 
to refer to the possibilities of biological, psychological or social determination of the 
categories of thought - what Piaget (1971) referred to as `genetic' epistemology. In 
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such theories that which is arbitrary to theory is considered to be determined at some 
other level and is thus not arbitrary at all. 
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Defining a `model' 
Regardless of the difficulties encountered in developing an epistemology of model 
building in order to progress towards students' understanding of models a working 
defmition ofa `model' is required. 
Unfortunately, as with the epistemology of model building, it will be seen that no 
consensus can be found as to such a definition and that rather a number of `types' of 
model emerge. 
A model is a surrogate object, a mental and/or conceptual 
representation of a real thing. 
(Andaloro, Donzelli and Sperandereo-Mineo, 1991) 
A model is a representation of an object, event or idea. 
(Gilbert, 1994) 
... a conceptual model 
is defined as words and/or diagrams 
that are intended to help learners build mental models of 
the system being studied: a conceptual model highlights the 
major objects and actions in a system as well as the causal 
relations among them. 
(Mayer, 1989) 
A model, generally might be considered to be the 
representation or outcome of the transfer of some aspects of 
the source of the model (from where it derived) to that 
which is being described, i. e. to the target of the model. 
(Mashaddi, 1996) 
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Student's conceptions of models 
Bliss, 1995, points out that when teaching physics the teacher is ".... Conveying 
mental models of science. " What then are we to understand by `mental models'? 
Norman, 1983, offers the distinction between mental models and conceptual models. A 
mental model is one which refers to a student's `personal knowledge' whilst a 
conceptual model is one which refers to `scientifically accepted knowledge'. 
Bliss and Ogborn, 1994, when reviewing research into mental models, offer the 
following: 
Current theories in cognitive science indicate the 
importance of mental models (Genter & Stevens, 1983; 
Johnson-Laird, 1983; Johnson-Laird & Byrne, 1991) and 
point (as does Piaget's theory) to the crucial role in 
reasoning of the mental manipulation of imagined objects. 
Taking the above cognitive development may be described as the development of the 
ability to construct mental models. Mental models can be taken as a way of both 
representing and organising knowledge. The student's mental model, of for example 
quantum phenomena, can be incomplete, can undergo sudden changes and may even 
lack internal consistency. However Arnold, 1992, suggests that the model is a 
summary of the student's beliefs about a given phenomenon - regardless of how well 
the model stands up to scientific scrutiny. The purpose of the model is to enable the 
student to predict the behaviour of, or outcome from, the phenomenon under 
consideration. 
When considering quantum phenomena models must be constructed for both 
phenomena and entities which cannot be directly perceived. Such model building is 
complex and as such places a considerable intellectual demand on the student. 
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They (models) carry the picture with which everyone, 
schoolboy, student, engineer and research worker, operates 
in dealing with problems in his field. You may deny that 
you have a model and be as positivistic as you like, but 
while the standard expressions continue to be used you 
cannot but have a picture. 
(Harre, 1961) 
All great discoveries in experimental physics have been due 
to the intuition of men who have made free use of models, 
which were for them not products of the imagination, but 
representations of real things. 
(Born, 1953) 
When dealing with models one must always be weary of the use of analogy since there 
is a danger of "worn out analogies interfering with the acquisition of new ones" 
(Thagard, 1992). Learning theorists' have generally referred to this as `retroactive 
inhibition'. In Dirac's `sea model' (see appendix B) for anti-matter all negative energy 
levels are considered to be full with the Pauli exclusion' principle (see appendix C) 
being invoked to ensure that all matter does not collapse into the lowest energy level. 
Such a model works well in `explaining' pair production and annihilation as observed 
in experimental particle physics. However since the Pauli exclusion principle only 
applies to fermions the model cannot be used in developing a theory which includes 
both fermions and bosons2. This view is articulated more forcefully, too much so in the 
opinion of this author, by Roger Barlow when discussing the inclusion of the topic of 
anti-matter in pre-university courses; 
I wonder how they'll introduce the idea. I hope it's not 
from the `Dirac sea' picture, which is highly misleading 
and inappropriate (and fails to explain boson antiparticles 
1 The Pauli exclusion principle states that no two particles can occupy identical quantum states. This led 
to the modem notion of electrons having different energy levels and spin. 
2 Fermions are a class of particles, including the electron, which have integer spin and can be described 
using Fermi-Dirac statistics. Bosons have half integer spin and are described using Bose-Einstein 
statistics. 
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anyway) but has somehow spread widely through science 
popularization. At an undergraduate level antiparticles can 
be introduced by means of the Klein-Gordon equation, 
which is plausible as a relativistic extension of the familiar 
Schrödinger equation. 
(Barlow, 1992) 
At a simpler level the Bohr model of the atom based on an analogy with the `Sun and 
Planets' of the Solar System is easily visualised by pre-university physics students but 
this visualisation is at odds with the quantum view in which `orbits' need to be 
abandoned. 
It is not only in the realm of quantum phenomena those students develop alternative 
conceptions. On the basis of everyday experience all people will develop alternative 
conceptions or naive theories which provide them with not only descriptions of 
phenomena but also causal explanations of them. For the physics student these 
alternative conceptions can significantly influence student learning, see Clement, 1983. 
Such research urges the development of teaching strategies which emphasise the need 
to develop in the student a self-awareness of both their own and currently accepted 
scientific models. This, as pointed out by Pope and Gilbert, 1983, leads to an 
understanding that science education in concerned with "connecting explanation and 
understanding between teachers and students. When students talk, with their teachers, 
they make use of analogy and models; 
Faced with normal phenomena, pupils are searching to find 
familiar events to which they relate this new experience. 
They try to interpret the unfamiliar by analogy with 
familiar experiences. 
(Driver, 1983) 
The role of models in the student's conception or construction of `the nature of the 
world' is summarised by Halloun, 1996 as follows; 
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1. We build mental models that represent significant 
aspects of our physical and social world and we manipulate 
elements of those models when we think, plan and try to 
explain events of that world (Bower & Morrow, 1990). 
2. Our view of the world is causally dependent both on the 
way the world is and on the way we are. There is an 
obvious but important corollary: All our knowledge of the 
world depends on our ability to construct models of it 
(Johnson-Laird, 1983) 
3. Mental models are internal to a person's mind. They are 
tacit, and cannot be explored directly. However, they can 
be explored indirectly via conceptual models which a 
person communicates verbally, symbolically or pictorially 
(and/or via physical models, which are material artifacts). 
Conceptual models that we communicate in our everyday 
life are often subjective, idiosyncratic, and not coherently 
structured. With appropriate instruction, these models can 
become relatively objective and coherently structured 
(Genter & Stevens, 1983: Giere, 1992: Hestenes, 1995: 
Nersessian, 1995: Reddish, 1994). Such an evolution is best 
reached in science and mathematics where models occupy a 
pivotal role (Bronowski, 1953: Casti, 1989: Giere, 1988: 
Hesse, 1970: Leatherdale, 1974). 
In the above the question of students' conception of the `nature of models' is not 
addressed. However, a survey of the literature on models by Finegold and Smit 
(1993) summarises the range of student views in the following statements. 
1. All models are creations of the human intellect. 
2. All models are representations. (some are purely visual, 
some can be seen and felt). 
3. Any representation that one makes of an object, of a 
structure, or of a process is called a model. 
4. Models exist in nature. 
5. All models are mental images (existing only in the human 
mind). 
6. Models are aids that are used to obtain knowledge of nature. 
7. A model always provides a complete description of the object, structure 
or process in nature that it models. 
8. A model is formulated using facts obtained by experiment and/or 
observation. 
9. The terms model and theory are synonymous. 
10. The only function of models in science is in teaching. 
11. Models are of a temporary nature. With the increase of 
knowledge a model may become obsolete or useless and 
either adapted or replaced by another model. 
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12. A scientist always has more knowledge of an object, 
process or structure than is represented by the model itself. 
13. An important function of any model is to describe 
something (an object, a structure) in nature. 
14. Models play an important role in the explanation of 
phenomena. 
15. Models can be used to predict phenomena, structures or 
processes that have not previously been observed. 
When surveying the literature for specific UK based examples of research on 
students' conceptions of the nature of models only one study, Ingham and Gilbert 
(1991), involving undergraduate and postgraduate chemistry students could be 
found. Mashhadi (1996) supports this lack of research: 
In surveying previous research on students' understanding 
of the nature of models there seems to have been relatively 
little research carried out in the UK on how A-level 
students conceptualise the nature of models, e. g. what 
models are for, how (and by whom) they are made, under 
what conditions (if any) they should be changed, whether 
or not there can be multiple models for the same `thing', 
and what models actually represent. 
In the Ingham and Gilbert study forty-five students were interviewed with regard 
to the uses of analogue models. This allowed the following construction of the 
"students' conceptions of models" to be created: 
(A) The model as a self-consistent system which corresponds 
to reality. 
(B) The model as a way of explaining or justifying a theory 
which is thought to be a permanent part of the chemist's 
repertoire. 
(C) The model as a way of achieving the understanding that 
others require. 
(D) The model as a way of achieving a commonality of 
understanding between chemists. 
(E) The model as an evolving link between the macro- and 
micro- levels 
(F) The model as a way of engaging the interest and 
involvement of others in a particular phenomenon. " 
Aikenhead, (1987) asked Canadian High School students to respond, giving 
reasons, to the following pair of statements: 
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13.1 Many scientific models (such as a model of the atom 
or of DNA) are metaphors or useful stories: we should not 
believe that these models are duplicates of reality. 
13.2 Many scientific models (such as a model of the atom 
or of DNA) are accurate duplicates of reality. 
Following analysis of the responses the following conceptions were constructed: 
A. Within their limitations models are helpful for learning 
and explaining. 
B. Models change with time and with the state of our 
knowledge, like theories do. 
C. Models can represent certain properties of reality that 
scientists see. 
D. Models can help us understand by duplicating a part of 
reality. 
E. A model's accuracy cannot be taken for granted. 
F. Models are true to life. That is their purpose. 
G. Many models duplicate reality because much scientific 
evidence has proven them true. 
H. Authorities say they are true, so they must be. 
More recently European research by Petri and Niedderer (1995), using an 
interview technique, into how a single student developed an understanding of 
quantum physics found the following: 
A model is a conception of something (e. g. the model of 
the atom). Often it is also a simplification: E. g. free falling 
does not exist in nature, thus one "builds up" a model in 
the mind that optimizes the conditions and processes. 
(italics in the original) 
The authors argue that the student, Carl, is applying a correspondence between the 
model and reality. They also argue the importance of investigating not only 
students' ideas of quantum physics but also the importance of students' ideas of 
models and the `reality accorded to entities': 
Changing (expanding) Carl's model of the atom means 
more than changing a conception of a moving particle into 
the conception of a stationary charge cloud. It requires us 
to change his view of the world, part of his personal 
identity and conviction. 
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2.4 A gender bias in teaching and learning physics? 
The uptake of physics by female students at GCE A-level and beyond is well 
documented. Harlen (1993) makes the case that when discussing girls in science, "the 
problem of girls in science is really one of girls and physics. " However one could take 
the view that the `problem' of girls in physics is not a problem for girls but one for 
physics. Perhaps the uptake reflects more the nature of the physics curriculum than 
the attitudes of female students. 
One argument used in the past has been to attribute the `gender gap' to an inequality 
of opportunity in schools pre-sixteen. However since 1988 maintained schools in 
England and Wales have been subject to a National Curriculum which requires all 
students to study some biology, chemistry and physics up to the age of sixteen. This 
appears to have had little effect since both the A-level and undergraduate physics 
male: female ratios remain at approximately 4: 1 (see section 4 for further details of 
current numbers). Other factors are, at times, used to help in the discussion including 
biological differences, gender identity and the effect of schooling. These three factors 
are discussed, with reference to the current work, in the remainder of this section. 
Child and Smithers (1971) reported that physical scientists scored more highly on 
tests of spatial ability than did specialists from the arts, humanities and indeed the 
biological sciences. Gray (1981) reported that males outperform females on such tasks 
which leads to the implication that: 
... differences in the lateralization of function (specialization of left and right sides) of the brain between 
males and females may account for differential 
performance in physics...... these findings appear to 
imply that females are at a biological disadvantage to 
males in the study of physical sciences. 
(Stewart, 1998) 
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In terms of gender identity the masculine image of science and in particular physics is 
well documented, for examples see, (Volman, Van Eck and Ten Dam, 1995: 
Whitehead, 1996). It can be argued that biological differences coupled with early 
socialisation leads to males and females developing a gender identity. The ensuing 
stereo-typing becomes pronounced during adolescence, (Linn and Stronger, 1993), 
which leads to A-level choices being made when the students are "most likely to be 
aware of the gender identity of school subjects and to use subject choice to make a 
positive statement about their own sexuality" (Smail, 1985). Attaching masculinity or 
femininity to a subject should obviously be reflected in subject choices for both male 
and female students. This point is taken up by Whitehead (1996) who reports that girls 
are not avoiding masculine subjects to " anything like the degree as boys are avoiding 
feminine ones. " 
Given that the above points to differences in up-take due to biological and/or 
socialisation factors the current study will look for differences in understanding 
amongst those who make a positive choice to study physics beyond that which is 
compulsory within the National Curriculum. 
During the teaching of physics at both school and university the environment can have 
an effect on the students. At school this is likely to be a factor in subject choice post- 
sixteen. Murphy (1990) writes that "girls tend to value the circumstances that activities 
are presented in. " Whilst Tippins and Nichols (1995), reviewing feminist theories, 
write that one of the recommendations is to present science learning "in the lived in 
experience of students. " With regards to quantum phenomena this poses an obvious 
problem, that of `lived in experience. ' If this is a factor in learning science then it 
could be expected that female students will be less successful in the domain of 
quantum phenomena since such phenomena are contra to anyone's live experience. 
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However any conclusion drawn here must be tempered by the fact that girls who 
choose to study physics are self selecting and may be different to other girls. 
If one accepts the generally held view that `female thinkers' perform less well in 
spatial reasoning tasks when compared to `male thinkers' and that some models (and 
hence some quantum phenomena) rely on such reasoning then differences between 
male and female students should be apparent. In this study the data will be probed for 
significant differences at the group level. 
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2.5 An understanding of understanding 
"I can't believe that! ", said Alice 
"Can't you? ' the Queen said in a pitying tone. "Try again: draw a long breath and 
shut your eyes" 
Alice laughed. "there's no use trying, ", she said: "one can't believe impossible 
things. " 
"I daresay you haven't had much practice", said the Queen. "When I was your 
age, I always did it for half an hour a day. Why sometimes I've believed as many 
as six impossible things before breakfast. " 
(Lewis Caroll from Through the Looking Glass) 
We can teach our students a lot of science and drill 
them in this knowledge so that they can use it in 
passing tests, but do they understand it? Certainly we 
want them to. There is general acceptance, without 
debate, that students should not only learn things but 
should also understand them. 
(White, 1988) 
The case for promoting understanding as an explicit 
educational objective is a difficult one to deny. It is 
also a peculiarly difficult one to make, in practice, 
because of the twin problems of defining and assessing 
understanding. 
(McCubbin, 1984) 
In the UK the proposals for GCE Advanced level physics include `grade 
descriptions' 
for grades A, C and E where E is the lowest pass grade all of which refer to 
`understanding': 
Grade A 
Candidates recall and use knowledge of physics from 
across the whole specification with few significant 
omissions and show understanding of the principles 
and concepts they use. They select appropriate 
information from which to construct arguments or 
techniques with which to solve problems. In the 
solution of some problems, candidates bring together 
fundamental principles from different content areas of 
the common specification and demonstrate a clear 
understanding of the relationships between these. 
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Grade C 
Candidates apply knowledge and physical principles 
contained within the specification in both familiar 
and unfamiliar contexts. In questions requiring 
numerical calculations, candidates demonstrate good 
understanding of the underlying relationships 
between physical quantities involved and carry out 
all elements of extended calculations correctly, in 
situations where little or no guidance is given. 
Grade E 
Candidates recall knowledge of physics from parts of the 
specification and demonstrate some understanding of 
fundamental principles and concepts. Their level of 
knowledge and understanding may vary significantly 
across major areas of the specification. They select 
discrete items of knowledge in structured questions and 
make some use of the terminology of physics in 
communicating answers. 
Candidates apply knowledge and principles of physics 
contained within the specification to material presented in 
a familiar or closely related context. They carry out 
straightforward calculations where guidance is given 
usually using the correct units for physical quantities. " 
(QCA, 1998 [emphasis added]) 
Taking these descriptions one is led to conclude that higher-grade candidates have 
more understanding and that understanding of physics in mathematical terms is 
something aside from understanding physics in conceptual terms. The implication 
that understanding is linked to context is also to be noted. However it takes us no 
nearer to a working definition of understanding. 
If, as in this study, students' understanding is to be investigated then some tacit 
meaning must be assumed. Unfortunately, as Ogborn (1993) points out, when this 
involves claiming to know what someone else thinks great care must be taken: 
it is of course often difficult to understand someone 
else, and there are times when it seems impossible. 
What the other person thinks may be too strange; 
may depend on too many unshared assumptions; 
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may run too much counter to one's own view of how 
things are; and so on. It may also be that the person 
does not understand very clearly or completely what 
he or she is trying to explain. But these difficulties 
are not the source of unease which has led 
psychologists and others to shy away from a direct 
and unproblematic use of the term `understanding'. 
Rather the difficulties are philosophical in character, 
deriving from a conceptualisation of psychological 
processes which makes them seem impossible to 
access in principle. 
Understanding, in the generally accepted sense, is accepted to an active process in 
which meaning is constructed when new information is interpreted in light of 
"currently active" knowledge (Burns et al, 1991). Carey (1986) expresses this 
view point as: 
To understand some new piece of information is to 
relate it to a mentally represented schema, to 
integrate it with already existing knowledge. 
Ausubel (1963) used the term "meaningful learning", which I take to be 
`understanding', to describe the situation when a student consciously links new 
knowledge to relevant existing concepts. Background knowledge is necessary for 
understanding but is not sufficient for understanding. The way in which the 
knowledge is organised is also important. Some researchers have developed this to 
argue for `degrees' of understanding, (White, 1988: Ziff, 1972: Nickerson, 1985), 
relating the degree of completeness of understanding of a concept to the 
knowledge held by a person and its interconnectedness. 
Much scientific study is about `concepts' or `conceptualisation', there are, 
however, a great number of definitions of a concept. Fieldman (1987) defines a 
concept as: 
.. a categorisation of objects, events or people that 
share common properties. Through the use of 
concepts we are able to distil the complexities of the 
world into simplified and therefore more easily 
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usable cognitive categories. Concepts allow us to 
classify newly encountered objects into a form that 
is understandable in terms of our past experience. 
A new concept, if it is to be understood, must be linked in a `meaningful way' to 
existing concepts. Therefore all sensory experience can be said to add to a 
person's understanding. 
A concept may be considered to be a set of `memories' that are associated with a 
particular label, e. g. an atom, and the links the person makes between them. For 
any two students their common understanding of a concept is given by the 
similarity of these `elements' of memory. 
A possession of a concept (e. g. the electron is, 
therefore, not a dichotomy in the sense that the 
student either has it or has not. It is the elements that 
are possessed or not possessed, the concept can be 
held to a greater or lesser degree. 
(Mashaddi, 1996) 
A concept may therefore be viewed as a cognitive device for the classification of 
objects. Piaget (1978) used the term "schema" for the grouping of concepts whilst 
researchers in the area of artificial intelligence refer to "frames" or "scripts" when 
discussing inter-related concepts and expections which are used to deal with 
complex situations, (Arnold, 1992). Eysenck and Keane, (1990) argue that the 
building up of larger groupings of concepts is the result of the "theories" and 
"background knowledge" held by the learner, this they call "conceptual 
coference". 
If one takes `information processing' model of learning then `information' or 
`knowledge' is seen as being stored in sections of long term memory (Greene, 
1987). These `memories' are divided into three types, `episodic', `semantic' and 
`procedural'. Episodic memories store the `record of events' whilst semantic 
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memories store `factual knowledge' (Tulving, 1970). Procedural memories store 
`procedural knowledge' (Lindsay and Norman, 1977). Lawless (1994) discusses 
knowledge and memory as follows. 
Within memory knowledge is stored as `schema' 
(Bartlett, 1932) classes of objects, events and ideas. 
These `schemata' are viewed as `nodes' (concepts) and 
`arcs' (relationships) linked as networks of 
propositions - two concepts linked by a relationship 
(Quillan, 1968). From this basic position a number of 
theoretical models of how knowledge is organised in 
human memory have been developed, e. g. as 
`networks' (Winograd, 1972: Rumelhart, Lindsay and 
Norman, 1972) and as `propositional structures' 
(Anderson and Bower, 1975). 
White and Gunstone (1992) take a viewpoint that defines understanding as the 
ability to `use knowledge' and that to cope with new situations forms the basis of 
test problems and of transfer tasks in research as `a measure of understanding'. 
However, this only gives a measure of the overt performance of a student and this 
study hopes to get behind the overt to a description of the organisation of 
knowledge which produces the overt performance. To this end a limited `measure' 
of understanding, at the level of the group, will be employed. In this measure 
understanding is taken to be represented by the groupings of students' ideas. 
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Understanding or Explanation 
From the above it would appear that `explanation' and `understanding' need not 
be one and the same. The Oxford English Dictionary defines the two terms as: 
Explain: to make intelligible or comprehensible by the intellect. 
Understand: to grasp the idea of or to apprehend clearly the character or nature of. 
Friedman (1974) has viewed explanation and understanding from the point of 
deciding what constitutes an explanation and what in the explanation provides the 
understanding. In the same way that Friedman was, this study is interested in the 
explanation and understanding of fundamental laws rather than individual events. 
The term "formal explanation" (or just 
"explanation" for short) refers to an explanation in 
terms of entailment and is essentially equivalent to 
the concept of explanation in the D-N (deductive- 
nomological) or covering law model. Such an 
explanation, while definable and objective, does not 
in itself give us understanding of the phenomena 
subsumed under the law in question. 
(Cushing, 1991) 
Friedman expresses the need to recognise, pragmatic aspects of explanation. This 
includes psychological factors common to all humans but excludes peculiar traits 
of an individual. In seeking a rational characterisation of understanding Friedman 
suggests that unification is the essential element along the road to understanding. 
... by reducing the total number of independent 
phenomena that we have to accept as ultimate or 
given .... The basic phenomena to which all others 
are reduced can be as strange, unfamiliar, and 
unnatural as you wish - even as strange as the basic 
facts of quantum mechanics. 
(Friedman, 1974 [emphasis added]) 
Achinstein (1985) discusses explanation by making reference to explanation. He 
also stresses the pragmatic dimension of explanation. "Really [explanation] is a 
three-term relation, between theory, fact and context. " 
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Salmon (1984) sees scientific understanding as being produced by explanations. 
For Salmon scientific explanation is an answer to the question why? He requires 
that a full explanation must produce understanding with causality and causal 
mechanisms being essential parts of genuine explanation. However he does 
concede that: "It may turn out that the causal conception of scientific explanation 
has limited applicability. " He further suggests that quantum theory provides an 
epistemic explanation of empirical data and that this ".... Constitutes strong 
evidence of the inadequacy of the epistemic conception of scientific explanation. " 
Einstein categorised theories into ones of principle, for example special relativity, 
and constructive theories, for example kinetic theory. In Einstein's view theories 
of principle had the advantage of epistemic security and general applicability. The 
constructive theories had the advantage of providing `clarity of comprehension': 
We can distinguish various kinds of theories in 
physics. Most of them are constructive. They 
attempt to build up a picture of the more complex 
phenomena out of materials of a relatively simple 
formal scheme from which they start out .... When 
we say we have succeeded in understanding a group 
of natural processes, we invariably mean that a 
constructive theory has been found which covers the 
processes in question. 
Along with this most important class of theories 
there exists a second, which I will call "principle- 
theories". These employ the analytic, not the 
synthetic, method. 
The advantages of the constructive theory are 
completeness, adaptability, and clearness, those of 
the principle theory are logical perfect and security 
of the foundations. 
(Einstein, 1954) 
In terms of a scientific theory Cushing (1991) suggests that such theories function 
on three levels, empirical adequacy, explanation and understanding. The following 
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table. after Cushing, captures the difference between explanation and 
understanding. 
Empirical Kepler's first law Boyle's law` EPR-Bohm correlations 
ade uac 
Newton's laws of Formalism of Formalism of quantum 
Explanation motion and of statistical mechanics 
gravitation mechanics 
General relativity Kinetic theory ? Bohm - Vigier 
Understanding of gases 4interpretation? 
Table 2.5.1 empirical adequacy, understanding and explanation 
A simpler definition ofunderstanding, due to Feynman, is in some ways closer to 
what can be expected of students when they begin a course in quantum physics: 
What do I mean by understanding? Nothing deep or 
accurate -just to be able to see some of the 
qualitative consequences of the equations by some 
method other than solving them in detail. 
(Feynman quoted in Galison, 1998) 
This view is exemplified in the following table, adapted from Galison, 
' In its simple form, valid for an eclipse or circle this can be state as: r(O) = (b2 /a)/(I -e cos 6) 
where c is defined as c=I -(b/a)2 2 For a fixed mass of gas at constant temperature, PV = constant 
3 Two observers in spatially separated regions each can make one of two choices of what to 
observe with two possible outcomes for each setting. Bell (1966) showed that no determinate, local 
theory could account for the outcome of the EPR-Bohm experiment. 
4 See Vigier (1982) 
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Feynman avoids fundamental equations 
Maxwell's equations 
Feynman focusses on solutions 
Advanced and retarded potentials 
Schrödin 7er's equation Path integral formal solution 
Detailed electronics Effective circuit formulation 
Boltzman equation Kernel method 
Hamiltonian formulation of QED Green's function approach 
Table 2.5.2 Feynmans' view of understanding without `detail' 
It is this 'nothing too deep or accurate' approach that will be adopted in this study, 
following in the footsteps of Feynman. 
In order to investigate the structure of knowledge regarding quantum phenomena, 
within the sample groups, a way of visualising students' understanding is deemed 
necessary. A metaphor is to be used, "metaphors are archetypes that can consume 
difficult concepts and have heuristic value" (Wandersee, 1990). The metaphor 
used in this study is that of the map. Robinson (1982) writes of the act of mapping 
saying it involves the "combination of the reduction of reality and the construction 
of an analogical space" which enables structure to be discovered which would 
remain hidden without the map. 
Changes in the map reflect differences in understanding and hence maps of 
different groups, e. g. pre-university and undergraduate physics students, can be 
used to research differences in understanding between the groups. It is recognised 
that all maps involve some degree of `projection' and hence some `distortion' of 
reality. However as Monmonier (1977) writes, "distortion is necessary in order 
that the map reader be permitted to comprehend the meaning of the map. " 
'A Green's function is a solution to a differential equation - the Green's function approach and 
the Kernel method can be considered to be the same. However Kernels exist which are not 
differential Green's functions. 
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The map proposed will take, if possible, as its reference frame the axes of a two 
(or three) dimensional space, as outlined below; 
Dimension 2 
Dimension 1 
Clusters of `student thinking' 
The axes can be interpreted as perceptual dimensions. These dimensions are 
orthogonal, i. e. they can be considered to be independent of each other. The labels 
given to the dimensions result from an interpretation of the position of the clusters 
and specific concepts within the clusters. "the post-modern self-consciousness of 
educational research emphasises that the process of interpretation is the result of 
an unavoidable interaction between the researcher and the researched" (Mashaddi, 
1996). The detail of how the maps are to be constructed is discussed in chapter 
4.4, Multidemensional Scaling. 
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3. IMPLEMENTATION 
This chapter sets out the implementation of the study. Section 3.1 discusses the phases 
of study in terms of data collection, analysis and aims, both as prose and 
diagrammatically. Section 3.2 presents the detailed research questions posed during 
the research. 
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3.1 Implementation - phases of the study 
This study was carried out during the period October 1997 to March 1999 in three 
distinct phases. These phases addressed pilot questions one and two, main questions 
one and two and main question three respectively. 
Phase one: 
Phase one was carried out during October 1997 and consisted of administering a forty 
item questionnaire to a group of pre-university physics students [N=32] and a group 
of physics undergraduates [N=30]. Both groups gave a 100% return. The returned 
questionnaires were subjected to Cluster analysis and the outcomes compared to 
previous research. This allowed a measure of concurrent validity to be assessed. To 
allow for an assessment of the internal reliability of the instrument Cronbach's alpha 
was calculated. This was carried out, for both the pre-university and undergraduate 
groups, for the eleven items addressing student understanding of models and the 
twenty-nine items addressing student understanding of quantum phenomena. Given 
that the forty items were a subset of the fifty-four used by Mashhadi (1996) and that 
items had also been evaluated by Science Education colleagues, both researchers and 
practitioners, for wording, level of language and level of'quantum understanding' this 
was used to provide both validity and reliability measures for the instrument prior to 
attempting to answer the main questions. 
Phase two: 
Phase two was carried out during the period November 1997 and January 1999. This 
consisted of administering the forty item questionnaire used in the pilot study to a 
group of pre-university physics students, [N=350, return rate 84%], across six 
institutions and a group of first and second year physics undergraduates, [N=338, 
return rate 67%], across five universities. The returned questionnaires, for each group, 
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were subjected to Factor analysis in order to ascertain whether some items were more 
effective than others in explaining student understanding of quantum phenomena. 
The data were also subjected to Cluster analysis to elicit the underlying understanding 
within the group and multidimensional scaling to attempt to map the Clusters onto a 
two or three-dimensional epistemological space. 
Within the pre-university group the Kruskal Wallis H test was used to ascertain 
significant differences between male and female students and between those who had 
studied, and those who were yet to study, quantum phenomena. 
Within the undergraduate group the Kruskal Wallis H test was used to ascertain 
significant differences between male and female students and between first and 
second year students. 
Phase three: 
Phase three was carried out during the period December 1998 and March 1999 and 
hence, to some extent, overlapped phase two. This phase consisted of administering a 
fifty item questionnaire to a group [N=180] of first and second year undergraduates 
drawn from two universities not used in phase two. The first forty items of the 
questionnaire were identical to those used in phases one and two. The remaining ten 
items, which were developed following interviews with pre-university physics 
students [N=10] and physics undergraduates [N=10], addressed those factors, other 
than following a taught course, which may be more effective in developing a student's 
understanding of quantum phenomena. The purpose of using an additional group was 
twofold. Firstly the forty items common to both questionnaires were used to measure 
the stability, at the level of the group, over time, i. e. are the clusters generated in 
phase three comparable to those for the undergraduate group in phase two? Secondly 
since the questionnaires in phase two were anonymous there was no method of 
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matching responses to the ten additional questions to the first forty questions. 
Therefore links between the teaching and learning items and the quantum thinking 
items could not be made. 
The returned questionnaires were subjected to Factor analysis, Cluster analysis and 
multidimensional scaling. 
The outline of the implementation of this study is given inflow diagram form in 
figure 3.1.1. 
-I 
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Phase one October 1997 Aim to: 
Establish the Reliability and 
Pre-university group Validity of the instrument 
N=32 by: 
1. Asking if the outcomes 
Undergraduate group make sense. 
N=30 2. Comparing the 
outcomes to previous 
research. 
3. Calculation of Forty item questionnaire -- Cronbach's alpha. 
Nov. 1997 to Jan. 1999 Aim to, for both groups: 
Phase two 1. Elicit Factors affecting Pre-university group student understanding. 
N=350 2. Elicit Clusters of 
_01 
understanding. 
Undergraduate group 3. Map the Clusters onto an 
N=338 epistemological space. 
Aim to, within each group: 
1. Elicit significant 
differences between first 
and second year 
Forty item questionnaire students. 
2. Elicit significant 
differences between 
Student interviews: male and female 
students. 
Pre-university group 
Aim to, between groups: 
N=10 Elicit significant differences 
in response at the level of 
Undergraduate group the group. 
N=10 
Dec. 1998 to Mar. 1999 
Aim to: 
Phase three Elicit those Factors, other 
than following a taught Undergraduate group course, which affect student N=180 
understanding of quantum 
Fifty item questionnaire - 
phenomena. 
Figure 3.1.1 Implementation of the study - Flow diagram 
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3.2 Posing the questions 
Pilot questions 
The pilot study was used to ask questions of the research instrument in order to 
ascertain the validity and reliability. Pilot question one was directed at the pre- 
university group and pilot question two at the undergraduate group. This allowed for a 
comparison with previous research for the pre-university group and extension into 
new areas for the undergraduate group. 
Pilot question 1. - pre-university group 
PIa. Does Cluster Analysis generate clusters to which meaning can be attached? 
PIb. Do the clusters generated compare with those found by Mashhadi (1996)? 
Plc. Does Cronbach's alpha return a value of 0.70 or above? 
Pilot question 2. - undergraduate group 
P2a. Does Cluster Analysis generate clusters to which meaning can be attached? 
P2b. Does Cronbach's alpha return a value of 0.70 or above? 
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Main questions 
Main question one addressed the issue of whether or not clusters of thinking could be 
identified, amongst pre-university and undergraduate physics students, to which 
meaning could be attached and which could be mapped onto an epistemological space 
of three or fewer dimensions. Further to this can factors be identified which carry 
more weight than others in explaining any variation in thinking within the two 
groups? Question la addressed these issues for the pre-university group whilst lb 
addressed the undergraduate group. 
Main question two addressed the issue of significant difference of response within 
each of the groups. Question 2a sought to find any difference in response between 
male and female pre-university students and first and second year pre-university 
students. Question 2b addressed the same issues for the undergraduate group. 
An additional question, main question 2c, was also asked. This question sought to find 
significant difference in response between the pre-university and undergraduate 
groups. 
Main question three concentrated on the undergraduate group and sought to elicit 
those factors, other than following a taught course, which are more effective in 
developing student understanding of quantum phenomena. 
Main question la. - pre-university group 
Mlai. Does Cluster Analysis generate clusters to which meaning can be attached? 
Mlaii. Does Multidimensional Scaling allow the clusters to be mapped onto an 
epistemological space of three or fewer dimensions? 
MIaiii. Does Factor Analysis attach greater weight to some items in explaining the 
variation within the group? 
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Main question lb. - undergraduate group 
Mlbi. Does Cluster Analysis generate clusters to which meaning can be attached? 
Mlbii. Does Multidimensional Scaling allow the clusters to be mapped onto an 
epistemological space of three or fewer dimensions? 
Mlbiii. Does Factor Analysis attach greater weight to some items in explaining the 
variation within the group? 
Main question 2a. - pre-university group 
M2ai. Does the Kruskal Wallis H test show significant differences in response to the 
questionnaire items between first and second year students? 
M2aii. Does the Kruskal Wallis H test show significant difference in response to the 
questionnaire items between male and female students? 
Main question 2b. - undergraduate group 
M2bi. Does the Kruskal Wallis H test show significant differences in response to the 
questionnaire items between first and second year students? 
M2bii. Does the Kruskal Wallis H test show significant difference in response to the 
questionnaire items between male and female year students? 
Main question 2c. - both groups 
M2c. Does the Kruskal Wallis H test show significant difference in response to the 
questionnaire items, at the level of the group, between the pre-university and 
undergraduate students? 
Main question 3. - undergraduate group 
M3. Using the fifty item questionnaire can factors be identified which are more 
effective in the development of students' quantum thinking? 
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4. METHODOLOGY 
This chapter sets out the methodology used in the implementation of this research. 
Section 4.1 discusses the choice of data collection instrument. Section 4.2 presents the 
data collection instruments in full, rather than as an appendix, in order to allow the 
reader to follow the development of one questionnaire from the other. Section 4.3 
discusses the notions of validity and reliability and their application to this study. 
Finally section 4.4 presents a detailed explanation of the multivariate techniques used 
in the study and details the application of the techniques to the analysis of data. 
The sample was in some ways, by necessity, an opportunity sample but with the pre- 
university group an attempt to match for gender and institution type was made. Since 
the institutions in the study all entered candidates for NEAB Advanced level physics 
these data were available for the whole entry (NEAB internal document). This 
allowed a x2 test to be applied. For the sample used in the study this is as follows; 
Gender: Male Female 
Expected number 266 84 
Observed number 275 75 
x2 with 1 d. f. = 0.2410. The critical value at the 0.01 level with 1 d. f. =10.83, 
therefore no significant difference exists. 
Institution: Post-16' Independent Comprehensive 
Expected number 105 65 180 
Observed number 132 64 154 
x2 with 2 d. f. = 0.0070. The critical value at the 0.001 level with 2 d. f. = 13.81, 
therefore no significant difference exists. 
' Post 16 is used to describe all institutions, other than schools. This is usually sixth form or FE college 
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With the undergraduate group the gender split in the sample was compared to the 
gender split in the whole undergraduate cohort using the following UCAS2 data: 
Acceptances for all undergraduate physics courses, 1997: 
Gender Male Female 
2568 (81%) 600(19%) 
Applications for all undergraduate physics courses, 1998: 
Gender Male Female 
2578(81%) 605(19%) 
Using the percentage split indicated above the expected values for the sample were 
generated and compared with the observed values. 
Gender: Male Female 
Expected value 274 64 
Observed value 270 68 
x2 with 1 d. f. = 0.4096. The critical value at the 0.01 level with 1 d. f. = 10.83, 
therefore no significant difference exists. 
As far as can be ascertained, the opportunity sample appears representative of the 
Physics population as a whole. 
` http: //www. ucas. ac. uk/figurestarchivelgender/index. html 
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4.1 Choice of data collection instrument 
Research into student's acquisition of scientific concepts can be divided into two 
paradigms: 
1. Traditional 
Scientific, experimental, reductionist, prescriptive and quantitative 
2. Non-traditional 
Artistic, naturalistic, holistic, descriptive, and qualitative 
This division has been argued against as the "tyranny of methodological dogma" 
(Howe, 1988) claiming that the division between quantitative psychometric and 
qualitative phenomenological traditions is unnecessary. Howe (1985) argues that 
much of the conflict between the qualitative and quantitative methodologies is 
outmoded and identified with the positivistic notion that scientific inference consists 
of building laws in a mechanistic manner. 
... the contention that quantitative and qualitative methods 
are incompatible is an upshot of the positivistic notion that 
scientific inference consists of building quantitative laws in 
a mechanistic fashion. 
Bryman (1984) and more recently Osborne (1995) both argue that there is no `best' 
method and that the chosen methodology should be appropriate to the topic under 
investigation with the researcher proceeding on the pragmatic basis of `what works'. 
Elton (1977) draws on Bohr's complementarity principle to argue that traditional and 
non-traditional methodologies are not opposed but complementary. 
The choice between opposing methodologies is not 
therefore between right and wrong, but between appropriate 
and inappropriate. The crucial judgement that a researcher 
must make at the beginning of his research is which 
methodology is appropriate for the research which he 
wishes to pursue. If he chooses an inappropriate one, he 
will still get results - research is like that - but they will be 
meaningless. 
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This study, by adopting and adapting a research instrument which has been shown to 
work, could be said to be, de facto, using an appropriate methodology. However this 
decision was not taken lightly and three questions were asked openly of all 
methodologies before proceeding: 
1. Are the data collection methods appropriate to the research questions? 
2. Are the data collection methods appropriate to the resource and time constraints? 
3. Are the data collection methods likely to generate data which can be readily 
analysed to form conclusions? 
Question one was considered to be the key question from which answers to questions 
two and three should be generated. 
In reviewing research on student's `alternative conceptions' in science Driver, Guesne 
and Tiberghien (1985) offer the following. 
.... one of the problems involved in investigating children's ideas is devising ways of probing thinking which enables us 
to sort out the status of the responses we obtain: 
distinguishing between these ideas which play a significant 
part in the thinking of individuals or groups and these 
which are generated in an ad hoc way in response to social 
pressure to produce an answer or test situation. 
More recently Claxton (1993) warns that researchers must be wary of assuming that 
their questions can be used as a `dipstick' to ascertain the level of cognition of an 
individual. 
First, we can never be sure that particular tests, such as 
those used by alternative conceptions researchers, which are 
unprecedented in the child's experience, are revealing long- 
term stable features of what the child knows or thinks. 
Establishing content through experimental enquiry is 
inherently problematic. Secondly, the content approach 
lacks any coherent model of the structure of knowledge 
representation and the dynamics of knowledge change. 
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Some of the confusion within this area of study, as pointed out by Driver and 
Erickson (1983a), arises from the `unit of analysis' used by the researcher. Some 
researchers discuss `individual' constructs whilst others present a composite picture 
based on `ideas shared by a number of pupils' 
Erickson and Driver (1983b) draw a distinction between those studies which aim to 
discover students' conceptual and procedural knowledge by placing studies in a 
`conceptual-phenomenological' dimension. Different methodologies may "not 
necessarily probe the same entities: at one extreme semantic or propositional 
knowledge is being documented, the other documents students' procedural knowledge 
or theories in action. " 
In order to present a `feel' for the dimensions, the common technique of `clinical 
interview' would be placed in the centre. 
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Interviews 
Interviews have been used extensively to elicit students' understanding since the work 
of Piaget (1929). Sutton (1980) argued that the interview technique offers the student 
the best opportunity for displaying their understanding and ability to reason. The 
technique as been used in a variety of ways by different researchers: 
Gunstone and White (1981) Science Graduates Understanding of electric 
current 
Nussabaum and Novak (1976) Young children Understanding of the shape 
of the Earth 
Osborne and Gilbert (1980) Students in school Understanding of force, 
heat and energy 
Fig. 4.1.1 The interview as a research tool in science education. 
The use of interviews to access understanding is considered too much of an 
interaction between interviewer and interviewee to make it reliable, ".. it may well be 
that a child would never put the question to itself in such a form or even that it would 
never have asked such a question at all. " Piaget (1929). 
If a research worker effectively says to a child, `I want you to tell me 
what you think about X' and X is part of usual experience, it would be 
very difficult for the child to reply, `I do not think aboutX. 'Some sort 
of answer is a social imperative. 
(McClelland, 1984) 
The ensuing verbatim transcript is a result of both the questions in the 
mind of the interviewer which originally defined his/her research and 
ideas and questions which develop during the interview and other 
interactions with the interviewee. 
(Pope and Denicolo, 1986) 
An answer, if it is to count as an answer at all, must by 
conceptual necessity reflect the structure of the language or 
discipline presupposed by the question - there is no other 
alternative. 
(Phillips, 1987) 
In all cases we cannot be sure that what people choose to 
tell us is what they really know or believe. Sometimes 
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information may not come to mind, or the respondent may 
filter things out in belief that they are not what the 
interviewer is interested ins. All that the interviewer can do 
is be careful to establish rapport and be encouraging. The 
subjective nature of interviews, the effect of the degree of 
rapport and the influence of context on what the respondent 
selects to tell, make interviewing particularly vulnerable as 
a reliable procedure for uncovering a pattern of 
associations. 
(White, 1988) 
Given the above discussion this technique was considered inappropriate in terms of 
time constraints and uninterpretable data. The note of caution given by Tamir (1989) 
was also heeded. 
.. although the interview method provides excellent in-depth information about the individual students' conceptions, it is 
time and labour intensive and therefore difficult to apply to 
large numbers of students, and the basis for generalising the 
findings to large groups of students is rather limited. 
Whilst accepting that the above made the interview technique unsuitable for 
generalising the findings to large groups it was used with a small group of students to 
generate statements for the second questionnaire in order to address main question 
three. Discussion with students about their views on the study of quantum physics 
revealed several common factors. These factors were generalised, as statements, and 
applied to a much larger group. 
The questionnaire items used in both the pilot study and main questions one and two 
had originally been generated from interview data (Mashaddi, 1996). This current 
research has refined the range of questions and developed the analysis methodology to 
provide an understanding of the data and to provide more guidance on practical 
applications of the outcomes. 
' This notion is explored as part of a critique of Piagetian methods by Margaret Donaldson, (1978) 
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Essay test 
An essay test will typically consist of open ended questions which ask for 
explanations of certain phenomena. They thus serve a similar purpose to that of an 
interview but without the interaction between interviewer and interviewee. Such a test 
could be easily administered to a large sample and therefore, at face value, looks an 
attractive alternative. However experience from GCE Advanced Physics papers shows 
that students conceptions may be elicited but links between concepts are difficult to 
assess and students often present contradictory conceptions of given phenomena. 
Given the above and the time investment required to analyse a large sample this 
technique was not rejected out right but rather put on hold since the responses would 
by highly reflective of personal constructs. 
First the questions required students to generate an open- 
ended response rather than selecting from pre-specified 
alternatives. In this way it was more likely that their 
responses reflect personal ways of constructing or 
explaining. Another important common feature of the 
questions was the way students' conceptions were elicited 
by asking for an explanation of a presented phenomena 
(sic). By asking questions in this way students had to decide 
and select the conceptions to use and make them explicit in 
their `explanations' of the phenomena. 
(Bell, Brook and Driver, 1985) 
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Concept mapping 
The term `concept mapping' is used for describing cognitive knowledge and the 
manner in which the learner stores or structures the knowledge in their memory. 
Through its roots in constructivism (Novak and Gowin, 1984), concept mapping helps 
students articulate and reconstruct their understanding. 
In this way the process can be interpreted as a form of metacognition in which the 
relationships between concepts becomes the primary focus. "Further more, the 
technique can expose.... 'alternative frameworks' and act as a diagnostic tool, with 
peers identifying misconceptions... " Bishop and Denley (1997) 
Links between concepts are shown by the hierarchical structure in 
which the lower concepts are subsumed beneath those which appear in 
higher levels, and the subordinate concepts are more general than the 
subsumed concepts. Two or more concepts linked together by words 
create a proposition. The propositions, along with arrows indicating the 
direction of each relationship, help to more precisely develop the 
connections between linked concepts. 
(Starr and Krajcik, 1990) 
Concept maps are capable of being administered to a large sample in a relatively short 
time, however the quality of the concept map generated is governed by the time 
invested by the students and the training they have received. 
.. the training, briefing or other preparation that is provided is an important factor in influencing the quality and validity 
of the maps produced. The second issue, which follows on 
from this, is the framework, the amount of assistance or 
cueing, e. g. concept labels, relationships descriptors, which 
is provided. 
(Lawless, 1994) 
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Summary 
In summary, the methodology used reflected and acknowledged the various for and 
against arguments considered above. In the view of the author the most appropriate 
methodology for this study was taken to be: 
" Questionnaire for the pilot and main questions one and two. 
" Interviews followed by questionnaire for main question three. 
Methodology - choice of data collection 114 
instrument 
Students' Understanding of Quantum Phenomena 
4.2 Data collection instruments 
The following forty item' questionnaire was used to address the pilot questions and main 
questions one and two: 
LOUGHBOROUGH UNIVERSITY 
Department of Education 
Students' Understanding of Modern Physics - SUMP 
Quantum Phenomena 
We are carrying out research into the factors which affect the way students learn about 
topics in modern physics. We aim to investigate special relativity, fundamental particles and 
quantum phenomena. 
This is the first study which will investigate how students learn about quantum phenomena. 
It is not a test and there is not always a `right' answer to the questions but the results may 
help your course tutors, authors of course text books and examiners to help you. 
Thank you for taking part in the study. 
Gren Ireson 
Section A 
Al Are you following an undergraduate or A-level course (please tick)? 
A-level [] Undergraduate [] 
A2 What year of the course are you in (please tick)? 
First year [] 
Third year [] 
A3 Sex (please tick): 
Female [] 
Second year [] 
Fourth year [] 
Male [] 
Now please turn over and answer the following questions 
' Gorsuch (1983) suggests that a minimum of five subjects per item and not less than 100 individuals be 
used with this technique. This would suggest a minimum sample size of 200. 
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Section B 
For each of the following statements please read the statement and then indicate how much 
you agree with it by ticking the appropriate column. 
1I strongly agree with it 
2I agree with it 
3I have no strong opinion about it 
4I disagree with it 
51 strongly disagree with it 
1 2 3 4 5 
B1 The structure of the atom is similar to the way planets 
orbit the sun. 
B2 It is possible to have a visual `image' of an electron. 
B3 The energy of an atom can have any value. 
B4 The atom is stable due to a `balance' between an 
attractive electric force and the movement of the 
electron. 
B5 Models are constructions of the human mind. 
B6 Coulomb's law, electromagnetism and Newtonian 
mechanics cannot explain why atoms are stable. 
B7 The electron is always a particle. 
B8 An atom cannot be visualised. 
B9 Light always behaves as a wave. 
B 10 In passing through a gap electrons continue to move 
along straight line paths. 
B11 A model is a scaled up or down version of something 
real, with a one to one correspondence between the 
model and the real thing it represents (e. g. the solar 
system or an atom). 
B12 The photon is a sort of `energy particle'. 
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II strongly agree with it 
2I agree with it 
3I have no strong opinion about it 
4I disagree with it 
51 strongly disagree with it 
1F 
F2 
3 4 5 
B13 Electrons are waves. 
B14 When an electron `jumps' from a high orbital to a lower 
orbital, emitting a photon, the electron is not anywhere 
in between the two orbits. 
B15 How one thinks of the nature of light depends on the 
experiment being carried out. 
B16 Electrons move along wave orbits around the nucleus. 
B 17 A model depicts or describes a theory. 
B18 The photon is a `lump' of energy that is transferred to o 
from the electromagnetic field. 
B19 Electrons consist of smeared charge clouds which 
surround the nucleus. 
B20 Models do not represent the `true picture' of atoms. 
B21 Nobody knows the position accurately of an electron in 
orbit around the nucleus because it is very small and 
moves very fast. 
B22 It is possible for a single photon to constructively and 
destructively interfere with itself. 
B23 Since electrons are identical it is not possible to 
distinguish between them. 
B24 A model always provides a complete description of the 
object, structure or process in nature that it models. 
B25 Electrons move around the nucleus in definite orbits 
with a high velocity. 
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II strongly agree with it 
2I agree with it 
3I have no strong opinion about 
4I disagree with it 
51 strongly disagree with it 
1F 2 3 4 5 
B26 When a beam of electrons produces a diffraction pattern 
it is because the electrons themselves are undergoing 
constructive and destructive interference. 
B27 Electrons move randomly around the nucleus within a 
certain region or at a certain distance. 
B28 Whether one labels an electron a `particle' or `wave' 
depends on the particular experiment being carried out. 
B29 Models are visual representations of the abstract and 
unseen. 
B30 If a container has a few gas molecules in it and we know 
their instantaneous positions and velocities then we can 
use Newtonian mechanics to predict exactly how they 
will behave as time goes by. 
B31 During the emission of light from atoms the electrons 
follow a definite path as they move from one energy 
level to another. 
B32 All models are mental images (existing only in the 
human mind). 
B33 Individual electrons are fired towards a very narrow slit. 
On the other side is a photographic plate. What happens 
is that the electrons strike the plate one by one and 
gradually build up a diffraction pattern. 
B34 Models are of a temporary nature. With the increase of 
knowledge a model may become obsolete or useless and 
either adapted or replaced by another model. 
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1I strongly agree with it 
2Ia ree with it 
3I have no strong opinion about it 
4I disagree with it 
51 strongly disagree with it 
1 2 3 4 5 
B35 Electrons are fixed in their shells. 
B36 Orbits of electrons are not exactly determined. 
B37 A model is formulated using facts obtained by 
experiment and/or observation. 
B38 Models are aids in communication (e. g. in teaching). 
B39 The photon is a small, spherical entity. 
B40 Models can be used to predict phenomena, structures or 
processes that have not previously been observed. 
Please check that you have made a response to every statement 
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The five point scale used in the above questionnaire was considered at length, 
especially the inclusion of the `no strong opinion' category. Shrigley and Koballa 
(1984) recommend that a `good' item, on a five point attitude scale, should form 
clusters at the two extremes of the scale and that any item giving a response of twenty 
five percent (or above) should be considered `suspect'. However in his work on 
quantum thinking amongst Advanced level Physics students Mashhadi (1996) says: 
The situation is different here. Many of the items refer to 
perceptions about what quantum physics is, rather than 
students' emotional reactions towards it, and previous 
research suggests that many students of this age have little 
knowledge about quantum physics. In fact, if the teaching 
programme is successful in clarifying students' perceptions 
about quantum physics, then there should be a lower usage 
by second year students2 of the `don't know' category. " 
More recent research with undergraduate physics students in the USA, Ambrose et al 
(1999), indicates that uncertainty regarding quantum phenomena exists amongst those 
majoring in physics. The following `mistaken beliefs' amongst physics undergraduates 
are taken from Ambrose et al: 
" that photons move along straight paths that "bend" near slit edges. 
. that photons move along sinusoidal paths 
. that two or more photons are required for diffraction or interference minima to 
occur 
" that diffraction and interference effects are independent of velocit? 
that all equations that apply to the wavelength of light apply to the de Broglie 
wavelength of electrons 
2 Here second year students refers to those in the second year of a two year GCE Advanced Level 
Physics course. This is the `usual' route into a University course in physical science in England and 
Wales. 
3 When referring to the electron as a wave 
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It was felt important, therefore, that students be given an opportunity to express their 
uncertainty: 
Uncertainty surely plays an important role in promoting 
and directing cognitive growth, but most investigations of 
children's reasoning and problem solving have relied on 
procedures that are poorly suited to reveal the degree to 
which individuals are certain of the answers they endorse. 
Acredolo and O'Connor (1991) 
The following fifty item questionnaire was used to address main question three. Whilst 
a fifty item questionnaire would, applying the Gorsuch criteria, require a minimum 
sample size of two hundred and fifty it can be seen to be two separate questionnaires; 
one having forty items and the second having ten. However the actual sample size was 
such that the sample size criteria were met for both interpretations. 
The additional ten items in section C were developed from a small number of 
interviews with ten undergraduates, five first years and second years, and ten pre- 
university students. The full interview protocol is given in appendix D. Kalmus (1985: 
1991) surveyed 2354 undergraduates regarding the topics influencing their choice of 
physics at University and the broader influences on their choice of physics. These 
findings were used to guide the questions used in the interviews. For example in the 
Kalmus studies the greatest influence on student choice of physics was reported to be 
teachers, this is reflected in question C2 [I was taught physics at A-level by a teacher 
who was enthusiastic about the subject]. The Kalmus studies also report that 
`Quantum theory and other theoretical physics' rate highly as reasons for studying 
physics, this is reflected in questions C4 [I had read about quantum phenomena, 
beyond the A-level course, before coming to University], C5 [I chose to study physics 
at University because I wanted to learn more about quantum phenomena] and C9 [I 
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hope to take further modules in quantum physics during my degree]. The following 
figures illustrate the main findings of the Kalmus surveys. 
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1 Relativ itv. gravitation 
2 Astronomy, cosmology and space research 
3 Elementary particles 
4 Nucleus and nuclear energy 
5 _ Quantum theory and other theoretical physics 
6 Electronics 
7 Optics 
8 Computing 
9 Matter 
10 Physics in other disci lines 
11 Conventional and alternative energy 
12 Atomic, molecular and chemical physics 
13 Medical and biological physics 
14 Choice of another topic 
Figure 4.2.1 Topics influencing their choice of physics at University 
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Fig 4.2.2 Broader influences on their choice of physics 
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A second source of direction for the interviews was the work of Vazquez-Abad et al (1997) 
who, when investigating drop out rates amongst Canadian undergraduates, found mean 
responses on a rating scale (maximum 4) to be: 
The areas of physics which interest me are: 
astronomy and astrophysics 3.0 
relativity 3.4 
quantum mechanics 3.3 
The types of activities which interest me are: 
theory 
Teaching style: 
3.6 
I would like professors to talk about their 
research interests during their courses 3.4 
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The following fifty item° questionnaire was used to address main question three: 
LOUGHBOROUGH UNIVERSITY 
Department of Education 
Students' Understanding of Modem Physics - SUMP 
Quantum Phenomena 
We are carrying out research into the factors which affect the way students learn about 
topics in modern physics. We aim to investigate special relativity, fundamental particles and 
quantum phenomena. 
This is the first study which will investigate how students learn about quantum phenomena. 
It is not a test and there is not always a `right' answer to the questions but the results may 
help your course tutors, authors of course text books and examiners to help you. 
Thank you for taking part in the study. 
Gren Ireson 
Section A 
Al What year of the course are you in (please tick)? 
First year [] 
Third year [] 
A2 Sex (please tick): 
Female [] 
Second year [] 
Fourth year [] 
Male [] 
Now please turn over and answer the following questions 
° Gorsuch (1983) suggests that a minimum of five subjects per item and not less than 100 individuals be 
used with this technique. This would suggest a minimum sample size of 250. 
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Section B 
For each of the following statements please read the statement and then indicate how much 
you agree with it by ticking the appropriate column. 
1I strongly agree with it 
2I agree with it 
3I have no strong opinion about it 
4I disagree with it 
51 strongly disagree with it 
1 2 3 4 5 
B1 The structure of the atom is similar to the way planets 
orbit the sun. 
B2 It is possible to have a visual `image' of an electron. 
B3 The energy of an atom can have any value. 
B4 The atom is stable due to a `balance' between an 
attractive electric force and the movement of the 
electron. 
B5 Models are constructions of the human mind. 
B6 Coulomb's law, electromagnetism and Newtonian 
mechanics cannot explain why atoms are stable. 
B7 The electron is always a particle. 
B8 An atom cannot be visualised. 
B9 Light always behaves as a wave. 
B10 In passing through a gap electrons continue to move 
along straight line paths. 
B11 A model is a scaled up or down version of something 
real, with a one to one correspondence between the 
model and the real thing it represents (e. g. the solar 
system or an atom). 
B12 The photon is a sort of `energy particle'. 
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II strongly agree with it 
2I agree with it 
3I have no strong opinion about it 
4I disc ree with it 
51 strongly disagree with it 
1 2 3 4 5 
B 13 Electrons are waves. 
B14 When an electron `jumps' from a high orbital to a lower 
orbital, emitting a photon, the electron is not anywhere 
in between the two orbits. 
B15 How one thinks of the nature of light depends on the 
experiment being carried out. 
B16 Electrons move along wave orbits around the nucleus. 
B17 A model depicts or describes a theory. 
B18 The photon is a `lump' of energy that is transferred to 
or from the electromagnetic field. 
B19 Electrons consist of smeared charge clouds which 
surround the nucleus. 
B20 Models do not represent the `true picture' of atoms. 
B21 Nobody knows the position accurately of an electron in 
orbit around the nucleus because it is very small and 
moves very fast. 
B22 It is possible for a single photon to constructively and 
destructively interfere with itself. 
B23 Since electrons are identical it is not possible to 
distinguish between them. 
B24 A model always provides a complete description of the 
object, structure or process in nature that it models. 
B25 Electrons move around the nucleus in definite orbits 
with a high velocity. 
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II strongly agree with it 
2I agree with it 
3I have no strong opinion about it 
4I disagree with it 
51 strongly disagree with it 
1 2 3 4 5 
B26 When a beam of electrons produces a diffraction pattern 
it is because the electrons themselves are undergoing 
constructive and destructive interference. 
B27 Electrons move randomly around the nucleus within a 
certain region or at a certain distance. 
B28 Whether one labels an electron a `particle' or `wave' 
depends on the particular experiment being carried out. 
B29 Models are visual representations of the abstract and 
unseen. 
B30 If a container has a few gas molecules in it and we know 
their instantaneous positions and velocities then we can 
use Newtonian mechanics to predict exactly how they 
will behave as time goes by . 
B31 During the emission of light from atoms the electrons 
follow a definite path as they move from one energy 
level to another. 
B32 All models are mental images (existing only in the 
human mind). 
B33 Individual electrons are fired towards a very narrow slit. 
On the other side is a photographic plate. What happens 
is that the electrons strike the plate one by one and 
gradually build up a diffraction pattern. 
B34 Models are of a temporary nature. With the increase of 
knowledge a model may become obsolete or useless and 
either adapted or replaced by another model. 
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II strongly agree with it 
2I agree with it 
3I have no strong opinion about it 
4I disagree with it 
51 strongly disagree with it 
1 2 3 4 5 
B35 Electrons are fixed in their shells. 
B36 Orbits of electrons are not exactly determined. 
B37 A model is formulated using facts obtained by 
experiment and/or observation. 
B38 Models are aids in communication (e. g. in teaching). 
B39 The photon is a small, spherical entity. 
B40 Models can be used to predict phenomena, structures or 
processes that have not previously been observed. 
Please turn over and answer section C 
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Section C 
For each of the following statements please read the statement and then indicate how much 
you agree with it by ticking the appropriate column. 
II strongly agree with it 
2I agree with it 
3I have no strong opinion about it 
4I dish with it 
51 strongly disagree with it 
1 2 3 4 5 
Cl I chose to study physics at University because I was 
successful at A-level. 
C2 My A-level physics course covered the basics of 
quantum phenomena. 
C3 I was taught physics at A-level by a teacher who was 
enthusiastic about the subject. 
C4 I had read about quantum phenomena, beyond the 
A-level course, before coming to University. 
C5 I chose to study physics at University because I wanted 
to learn more about quantum phenomena. 
C6 I find it easy to think in abstract terms. 
C7 I think the physics studied at University should have 
practical applications. 
C8 I enjoy mathematical problems in physics. 
C9 I hope to take further modules in quantum physics 
during my degree. 
C10 In general I enjoy solving puzzles. 
Please check that you have made a response to every statement 
Methodology - data collection instruments 131 
Students' Understanding of Quantum Phenomena 
4.3 Validity and reliability 
Having set out the detailed research questions in section 3.2 and presented the data 
collection instruments in section 4.2 the issues of reliability and validity need to be 
addressed. As with much of this study the literature does not provide 'clear defmitions 
of either reliability or validity but rather various `types' or `variations'. Whilst 
presenting a review of the literature, relevant to the present work, the assessment of 
reliability and validity in the current study will be outlined. 
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Validity 
Validity is often used to refer to the extent to which the data collected are `true' and 
present an `accurate' picture of the subject being studied. For example, Nunnally 
(1967) reflects that; 
Validity is a matter of degree rather than an all-or-one 
property, and validation is an unending process. Whereas 
measures of length and some other simple physical attributes 
may have proved their merits so well that no one seriously 
considers changing to other measures, most measures should 
be kept under constant surveillance to see if they are behaving 
as they should. 
This is reinforced by Hitchcock and Hughes (1989) who write; 
Validity refers to the extent to which materials collected are 
true and represent an accurate picture of what or who is being 
studied. The notion of validity therefore suggests that 
researchers can employ `validity checks'. 
More simply put "the question of validity draws attention to how far a 
measure really measures the concept that it purports to measure. " (Bryman and 
Cramer, 1997). Litwin (1995) offers a number of types of validity as outlined in table 
4.3.1. Hammersley (1987) as outlined in table 4.3.2 addresses the question of `validity 
checks'. Mashhadi (1996) offers working definitions of `internal' and `external' 
validity as follows. 
The internal validity of any research concerns the question of 
how its findings match `reality' and whether the researcher is 
`measuring' what he/she thinks is being measured... External 
validity refers to the extent to which the findings of a research 
study are generalisable and can be applied to other situations. 
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Type of Validity 
_ 
Characteristics Comments 
y, 9 
Face 
f 
Casual rcviews Dubow Assessed by individuals 
good an item or group with no formal training 
of items appear. in the subject under 
study. 
Content Formal expert review of Usually assessed by 
how good an item or individuals with 
series of items appears. expertise in some aspect 
of the subject under 
study. 
Criterion: Measures how well the Requires the 
Concurrent item or scale correlates identification of an 
with the 'gold standard' established, generally 
measures of the same accepted gold standard. 
variable. 
Criterion: Measures how well the Used to predict 
Predictive item or scale predicts outcomes or events of 
expected future significance that the 
observations. item or scale might 
subsequently be used to 
predict. 
Construct Theoretical measure of Determined usually 
how meaningful a after years of experience 
survey instrument is. by numerous 
investigators. 
Table 4.3.1 Types of Validity - adapted from Litwin (1995) 
Validity Type Question to Ask 
lace Validitv 11(m do "ckiimý that the yLICSHOns aske I . ºrý 
actually measuring what they claim to measure'? 
Respondent Validity How can we establish that respondents are replying 
truthfully? 
Internal Validity How do we know that the results of this one piece of 
research represent the 'real thing'? 
External Validity How do we know that the results of this one piece of 
research are alicable to other situations? 
Table 4.3.2 `Validity checks' - adapted from Hammersley (1987) 
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This discussion leads to the notion of `rigour' in conducting survey-based research. 
Bell (1985) proposes four criteria for rigour, see table 4.3.3. 
Criteria Label Explanation 
Credibility The study must be believable by those who are competent to 
ud ýe the subject of the investigation. 
Transferability The study must be able to promote the exchange of 
experience from one practitioner/researcher to another. 
Lessons must be capable of being learned from the evidence 
provided 
Dependability The study must be trustworthy through having gathered 
evidence by reliable procedures. 
Confirmability The study must he capable of being scrutinised for absence 
of bias by making its evidence and methods of analysis 
accessible. 
Table 4.3.3 Criteria for `rigour' - adapted from Bell (1985) 
These criteria, along with the previous discussion, were used to guide the assessment 
of validity in the present study. This is summarised in table 4.3.4 
Validity Type Achieved by 
Face lication of a 'do the outcomes make sense? ' rule. 
Content Items reviewed by Science Education researchers and a 
panel of experienced teachers and examiners from both 
16-19 institutions and universities. The items used 
were a subset of those used in previous research. 
Criterion: In the absence of any 'gold standard' this was achieved 
Concurrent by comparing the outcomes for the pre-university 
group with existing survey data. 
Additional measures 1. The techniques used have been used elsewhere in 
Science Education research and have the 
'`confidence" of that community. 
2. The questionnaire was piloted. 
3. Systematic analysis 'tools' were employed. 
4. The use of three multivariate techniques to analyse 
the data provides a measure of triangulation. 
5. Peer discussion was used to enhance the validity of 
the interpretation. 
6. The research data were made accessible for 
interpretation by others so as to make them 
'capable of being scrutinised for absence of bias'. 
Table 4.3.4 Achieving Validity 
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Reliability 
Reliability asks the question as to whether the data generated by the research are `real' 
or a `product of the methods employed'. As with validity, reliability does not have a 
simple, literature based definition. Hitchcock and Hughes (1989) offer: 
Reliability concerns the extent to which any particular method 
of data collection is replicable, that is if the research was to be 
repeated by someone else using a different technique, would 
the same findings result? The idea of reliability therefore 
concerns the question of whether or not the data are products 
of the research technique employed. 
Whilst Nunnally (1967) suggests: 
Reliability concerns the extent to which measurements are 
repeatable - by the same individual using different measures 
of the same attribute or by different persons using the measure 
of an attribute ..... High reliability does not necessarily mean high validity. ... Reliability is a necessary but not sufficient 
condition for validity. 
In this study the data from the pre-university group could be considered, in some 
ways, to be a replication study. The questionnaire items used in this study are based on 
interviews and open questions by other researchers, (Mashhadi and Woolnough, 1996) 
and the additional ten items based on interviews carried out by the author. In this way 
issues of both `replicability' and `repeatability' are addressed. 
As with validity Litwin (1995) offers various `types' of reliability, the characteristics 
of each type and a method of `implementation'. These are given in table 4.3.5. 
In this particular study if another researcher had presented the same questionnaire to 
the same sample of students the same raw data would have been returned. If this 
second researcher had then processed the raw data using the same multivariate 
techniques then the same factors, clusters and dimensions would have been generated. 
However the factors, clusters and dimensions would be open to alternative 
`interpretation'. This then becomes a question of validity that can be addressed via the 
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Bell criteria of 'credibility' and 'confirmability'. By making both the data and 
methodology clear to the reader it is expected that these two criteria are being met. 
of Reliability T Characteristics omments Comments 
ýy . 
Test-retest Measures the stability of Requires administration 
responses over time, of survey to a sample at 
typically in the same two different and 
group of respondents. appropriate points in 
time. Time points that 
are too far apart may 
produce diminished 
reliability estimates that 
reflect actual change 
over time in the variable 
of interest. 
Intraobserver Measures the stability of Requires completion of 
responses over time in a survey by an 
the same individual individual at two 
respondent. different and 
appropriate points in 
time. Time points that 
are too far apart may 
produce diminished 
reliability estimates that 
reflect actual change 
over time in the variable 
of interest. 
Alternate-form Uses differently worded Requires two items in 
stems or response sets to which the wording is 
obtain the same different but aimed at 
information about a the same specific 
specific topic. variable and at the same 
vocabulary level. 
Internal consistency Measures how well Usually requires a 
several items in a scale computer to carry out 
vary together in a calculations. ' 
sample. 
Interobserver Measures how well two May be used to 
or more respondents rate demonstrate reliability 
the same phenomena. of a survey or may itself 
he the variable of 
interest in a study. 
Table 4.3.5 Types of Reliability - adapted from Litwin (1995) 
The calculation referred to is a correlation coefficient - usually Split-half or Cronbach's alpha 
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Cramer and Bryman (1997) say of internal reliability: 
Internal reliability is particularly important in connection with 
multiple-item scales. It raises the question of whether each 
scale is measuring a single idea and hence whether the items 
that make up the scale are internally consistent. A number of 
procedures for estimating internal reliability exist ... the 
currently widely used Cronbach's alpha essentially calculates 
the average of all possible split half-reliability coefficients. 
Again the rule of thumb is that the result should be 0.8 or 
above. 
Some researchers, this one included, consider that the `rule of thumb' given above is 
rather restrictive and would accept a lower value. "Reliability is usually expressed as 
a correlation coefficient, or r value, between two sets of data. Levels of 0.70 or more 
are generally accepted as representing good reliability. " Litwin (1995). The literature 
therefore guides the decision to use the results, i. e. values of r greater than 0.70, and 
points to the `risk' attached to conclusions formed. In this study whilst a value of 
0.80 may be hoped for a value of 0.70 will be looked for. Thus a literature supported 
value accepted as `representing good reliability' is being taken into account along 
with notions of `repeatability' and `replicability'. 
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4.4 Multivariate Analysis 
Triangulation 
Triangulation may be defined as the use of two or more 
methods of data collection in the study of some aspect of 
human behaviour. It is a technique of research to which 
many subscribe in principle, but which only the minority 
use in practice. 
(Cohen and Manion, 1994) 
However a more extended definition of triangulation than that given above can be 
found in Denzin's, (1970), typology: 
1. Time triangulation: this type attempts to take into 
consideration the factors of change and process by 
utilizing cross-sectional and longitudinal designs. 
2. Space triangulation: this type attempts to overcome 
the parochialism of studies conducted in the same 
country or within the same subculture by making use of 
cross cultural techniques. 
3. Combined levels of triangulation: this type uses more 
than one level of analysis from the three principle levels 
used in the social sciences, namely, the individual level, 
the interactive level (groups), and the level of 
collectives (organizational, cultural or societal). 
4. Theoretical triangulation: this type draws upon 
alternative or competing theories in preference to 
ultilizing one view point only. 
5. Investigator triangulation: this type engages more than 
one observer. 
6. Methodological triangulation: this type uses either (a) 
the same method on different occasions, or (b) different 
methods on the same object of study. 
Returning to Cohen and Manion one is given an example of triangulation based on the 
use of an attitude scale: 
The principle of triangulation is illustrated at its most 
simple in a typical attitude scale. If you examine the 
example ...... you will find ten items making up an 
attitude scale measuring a teacher's view of his role. One 
item, or `locational marker', by itself will tell us very little 
about a teacher's attitude in this respect. But ten such 
related items, or `locational markers' will give a much 
fuller picture. 
Methodology - multivariate analysis 139 
Students' Understanding of Quantum Phenomena 
The data collection instrument used in this study, see section 4.2, is based on a 
previous instrument which affords some measure of both investigator triangulation 
and methodological triangulation. Further to this eleven items or locational markers 
measure student's conceptions of models whilst twenty nine measure student's 
conceptions of quantum phenomena which again affords a measure of triangulation. 
The analysis of the data collected, in answering the main questions, was carried out 
using three complimentary multivariate techniques of factor analysis, cluster analysis 
and multidimensional scaling. In order to make any conclusions drawn from the 
analysis more robust and to provide some further measure of triangulation the 
following, which are explained further later in this section, were implemented: 
1. Rotating both orthogonal and oblique axes in factor analysis in order to search for 
a more simple structure. 
2. Looking for identified factors, from factor analysis, in the clusters generated by 
cluster analysis. 
3. Using `split half clustering to check for stability. 
4. Looking for clusters, identified by cluster analysis, in the epistemological space 
generated by multidimensional scaling. 
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Factor Analysis 
In many analyses, typically in psychological and sociological investigations, it is 
hypothesised that the observed variables are related because of underlying, hence 
directly unobservable, factors. These factors can be considered to be latent variables. 
Factor analysis is concerned with identifying these underlying factors from those 
variables that are observable, (Cohen and Manion, 1989). 
By way of a simple example the following is taken from Spearman (1904). Spearman 
considered examination marks in three subjects, Classics, French and English. The 
following correlations where found: 
Classics French English 
Classics(xi) 1.00 
French(x2) 0.83 1.00 
English(x3) 0.78 0.67 1.00 
If we assume that a single factor, f, is adequate for explaining the correlations then a 
factor model can be written such that: 
X1=ß, 1f+U1 
X2=? 2f+U2 
X3 Ä, 3f+U; 
where xi is subject score, %I factor loading and uI specific ability in subject i. This 
simple model assumes that ul, u2 and u3 are uncorrelated with each other and with the 
underlying factor f. 
One of the particular benefits of factor analysis is the reduction of the dimension 
of the problem. It is usual for the number of hypothesised latent variables to be 
two or three whilst the number of observable variables is often in the tens. In the above 
example the "common factor, f, might be equated with intelligence or general 
intellectual ability, and the specific factors, uL will have small variances if the 
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corresponding observed variable is closely related to f. " Everitt and Dunn (1991). In 
this study the number of factors was originally unknown but the number of observable 
variables was at least forty. 
Factor analysis has attracted a great deal of critical comment. For example Everitt 
and Dunn (1991) gives four basic reasons for the criticism: 
1. There are several ways of defining the correlation matrix. 
2. There are several rules for deciding on the number of 
Principal Components'. 
3. There are several ways of rotating the Principal 
Components. 
4. Factor analysis is frequently used when it is inappropriate. 
Too often factor analysis is used for a `fishing expedition'. 
In addressing these criticisms the following practical issues need to be taken into 
consideration: 
Sampling Adequacy; it is easy to carry out factor analysis when it is 
inappropriate to do so, that is, without some measure of the appropriateness of 
factor analysis for the data. One such measure is the Kaiser-Meyer-Olkin (KMO) 
measure of sampling adequacy. The following calibration of the sampling 
adequacy has been suggested by Stewart (1981); 
Kaiser-Meyer-Olkin Calibration 
>0.90 marvellous 
>0.80 meritorious 
>0.70 middling 
>0.60 mediocre 
>0.50 miserable 
<0.50 unacceptable 
Principal Components are the factors. Principal Component Analysis is usually concerned with un- 
rotated answers whilst Factor Analysis is concerned with rotated answers. 
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Communality; this shows how much of the variability of a single variable is 
included in the model with the specified number of factors. All communalities 
should, ideally, be close to one, showing that most of the variability is included 
for all of the variables. 
Rotation; the method of rotation that is appropriate should manifest itself in the 
theoretical background of the problem (Sharma, 1996). For example, if it is 
believed that there is an overall factor plus a series of distinct constructs then 
quarti iax rotation would be appropriate, whilst if it is believed that the factor 
structure is such that each variable loads highly onto one and only one factor then 
varimax rotation would be more appropriate. In this study two rotation methods were 
used. Firstly varimax rotation with orthogonal axes using Ward's method. Secondly 
rotation with oblique axes was used: 
Oblique rotation refers to the relocation of factor axes in 
order to arrive at simple structure, but without the 
constraint that the factors be orthogonal. Thurstone (1947) 
strongly advocated the use of oblique factors because in 
most practical situations, orthogonal factors did not seem 
to him to meet the criteria of simple structure as well as did 
oblique factors. 
(Rayment and Jöreskog, 1993) 
In choosing the number of factors to be rotated several methods have been 
suggested. For example, Kim and Muller (1978) suggest all factors with an eigenvalue 
greater than one should be rotated, this is the Kaiser criterion after HF Kaiser. Cattell 
(1952) says of the Kaiser criterion, "Kaiser's criterion is probably most reliable 
when the number of variables is between 20 and 50. ", whilst Kline (1994) 
suggests "there is now agreement among factor analysts of any repute that 
Cattell's Scree test is just about the best solution to selecting the number of 
factors. " The Scree test is a graph of the eigenvalue plotted against the number of 
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principal components and the cut off point for the number of factors is where the line 
changes slope. 
6 
5 
aý g 
cm 
W2 
1 
0' 0246 8 10 12 14 16 18 20 
Factor 
Figure 4.4.1 Example Scree test showing that three factors should be chosen. 
Having used the scree plot to identify the number of factors to be rotated the factor 
loadings produced require careful study. Factor loadings are, according to Cohen and 
Manion (1994), "like correlation coefficients, ranging from -1.0 to +1.0 and are 
interpreted similarly. " This gives some statistical basis for accepting or rejecting those 
variables which can be taken to have a significant loading onto a factor. Table 4.4.1 
shows the critical values of the correlation test: 
Degrees of 
freedom 
v= N-2 
Level of Significance 
0.10 0.05 0.02 0.01 0.001 
175 0.124 0.148 0.174 0.194 0.248 
200 0.116 0.138 0.164 0.181 0.235 
300 0.095 0.113 0.134 0.148 0.188 
500 0.074 0.088 0.104 0.115 0.148 
Table 4.4.1 Critical values for the correlation test. Adapted from Kanji (1999) 
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By inspection it can be seen that factor loadings above approximately 0.120 are 
significant at the 0.01 level for a sample size approaching 400 and above approximately 
0.180 for a sample size approaching 200. In this study however, following Coulson 
(1976) who took only values greater than ± 0.30, only values greater than ± 0.40 are 
considered. Whilst being conservative it is expected that this will also add to the 
robustness of any conclusions reached since the higher the value of the factor loadings 
the lower the risk attaching to them 
The process of factor analysis used in this study can be summarised in the 
following five steps: 
Methodology - multivariate analysis 145 
Students' Understanding of Quantum Phenomena 
Generate a Correlation Matrix 
for the variables. 
tudy the Correlation Matrix; if most of the correlations are small then the variables 
re essentially independent and there is no point in carrying out a factor analysis. Facto 
nalysis is only appropriate if the correlation matrix contains small, medium and large 
Drrelations with no discernible pattern and the KMO returns a suitable value. 
Study the Principal Components; there are as many Principal Components as 
there are observed variables, however the first few Principal Components will 
explain the majority of the variation inherent in the data. Use the scree plot to 
decide the number to rotate. 
Rotate the Principal Components; 
Orthogonal Rotation I Oblique Rotation 
nterpret the Factors; the final stage in the factor analysis is 
D study the large loadings for each factor. Only variables 
jading onto one and only one factor with a loading of greater 
han ±0.40 are considered. An attempt can then be made to 
; ive a descriptive name to a factor that represents a common 
lement with large loadings. 
Figure 4.4.2 Method of factor analysis used in this study. 
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Cluster Analysis 
Cluster analysis is concerned with allocating individuals to a group in such a way 
that each individual member of a group is more like individuals in the same group 
than those outside the group. The membership of a group is not defined 
beforehand, as with discriminant analysis, nor is the number of groups defined 
beforehand. In assigning individuals or variables to clusters an appropriate measure of 
distance between them is required. The aim of the distance measure is to assess the 
similarity between different individuals. The most common distance measure is the 
Euclidean distance measure. This is the straight line distance between two individuals 
and defined by: 
I(xI -x2)2+(yI-y2)2] 
By way of a simple example consider the following average percentage test scores in 
five subjects for female and male students 2. Are all subjects alike or are there clusters 
of subjects implying that female and male students perform differently? 
Subject Female(x) Male(y) 
Mathematics(l) 55 44 
Biology(2) 65 53 
English(3) 44 72 
French (4) 52 81 
Geography(5) 54 51 
Calculating the Euclidean distances we have: 
1 2 3 4 5 
l 
2 13.5 
3 30.1 28.3 
4 37.1 30.9 12.0 
5 7.1 11.2 23.3 30.1 
Table 4.4.2 Euclidean distance measures 
2 The data here are for illustrative purposes and should not be taken as representation of the real 
situation. 
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It can be seen that I and 5 (mathematics and geography) are closest together and these 
two would be joined or clustered together. The cluster continues as an iterative 
process treating I and 5 together to calculate the distances, thus: 
1/5 2 3 4 
1/5 
2 9.2 
3 26.7 28.3 
4 33.6 30.9 12.. 0 
Table 4.4.3 Euclidean distances, first iteration 
It can be seen that 2 (biology) is closer to the 1/5 cluster than to other individuals and 
hence 2 joins the 1/5 cluster making 1/5/2 (mathematics, geography and biology). The 
process continues to the second iteration as follows: 
1/5/2 3 4 
1/5/2 
3 27.2 
4 32.7 12.0 
Table 4.4.4 Euclidean distances, second iteration 
It can be seen that 3 and 4 (English and French) are closer together and hence a second 
cluster is formed. We now have two clusters, one with mathematics, geography and 
biology and a second with French and English. Examination of the clusters shows that 
female students score highly on the subjects in cluster one whilst male students score 
highly on those in cluster two. Supporting evidence for the hypothesis that a gender 
difference exists could then be looked for. 
However as with factor analysis, cluster analysis has attracted a degree of 
criticism. Cluster analysis is a purely descriptive technique and lacks a statistical 
context but this is not the only criticism. Chatfield and Collins (1980) take an 
extreme view when they write, "All in all, our preference is to avoid both 
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partitioning and hierarchical techniques wherever possible and to use a visual 
approach. " 
This stems from three major criticisms made from a practical perspective. 
1. The strategy of cluster analysis is structure seeking, whilst its operation is structure 
imposing. 
2. Different cluster methods can generate different clusters with the same data set. 
3. There are no well-defined rules for deciding on the number of clusters. 
However point two can, at times, be used to demonstrate a degree of robustness or 
stability of the clusters: 
For a particular problem it is a good idea to try several 
clustering methods, and within a given method, a couple of 
different ways of assigning distances (similarities). If the 
outcomes from the several methods are (roughly) 
consistent with one another, perhaps a case for natural 
groupings can be advanced. 
(Johnson and Wichern, 1992) 
Since the technique of cluster analysis will necessarily generate clusters some 
measure of the validity of the solution should be applied before presenting it as an 
appropriate description of the data. A number of validation methods can be 
employed; 
1. Internal validation; the cluster centroids, i. e. the means for each variable within a 
cluster, can be compared to see what it is that characterises each cluster. 
2. External validation; new data can be used to see what characterises each cluster. 
3. Face validation; this is a matter of posing the question "do the clusters make 
sense? " 
4. Stability validation; will different data sets result in the same or very similar 
clusters? This can, with large data sets, be achieved by analysing the data in two 
halves. 
In this study point four is addressed by the use of `split half clustering and point three 
is addressed by both answering the question posed and comparison with previous 
research. 
In an attempt to guide good practice in cluster analysis Punj and Stewart (1980) 
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suggest the following approach; 
1. Use average link clustering or Ward's clustering to provide a preliminary cluster 
solution. 
2. Eliminate any outliers, select the number of clusters and calculate the cluster 
centroids. 
3. Use an iterative partitioning algorithm, e. g. k-means clustering, with the cluster 
centroids as the starting points to obtain the final cluster solution. 
In suggesting an iterative partitioning method Punj and Stewart write that such 
methods. 
... appear to be more robust than any of the hierarchical 
methods with respect to the presence of outliers, error 
perturbations of the distance measures and the choice of a 
distance metric..... if a random starting point is used k-means 
may be markedly inferior to other methods. 
One approach to be considered at this point is, as with Factor Analysis, to use two 
different clustering methods. However a more detailed literature search suggests that 
Ward's method should be used. This is supported by work in such diverse fields as 
engineering management, (Mathieu and Gibson, 1993), marketing, (Green and Krieger, 
1995) and behavioural research, (Huberty, DiStefano and Kamphaus, 1997). These 
latter authors say of Ward's method; 
The Ward method was chosen because of its overall cluster 
recovery ability. 
It would appear that Ward's method represents a `best buy' which can be 
demonstrated by comparing Ward's method and, for example, single link clustering. 
This is shown in figures 4.4.3 and 4.4.4 on pages 151 and 152. 
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Fig 4.4.3 Data set clustered using Ward's method 
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Fig. 4.4.4 The same data set as in fig. 4.4.3 but clustered by the single link 
method 
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Taking on board all of the above the process of cluster analysis used in this study can 
be summarised in the following three steps. 
Use Ward's clustering method 
to produce a preliminary solution 
or each half of the data set when 
possible 
any outliers, and 
the two solutions for 
es. Cluster the whole 
set. 
the clusters make any sense - 
e validity. Can a descriptive 
ie be given to the clusters? 
i the factors identified in 
: or analysis be 'seen' in the 
a cluster solution? 
Figure 4.4.5 Method of Cluster analysis used in this study 
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Multidimensional Scaling 
Multidimensional scaling is used to describe a procedure which starts with the 
`distances' between a set of points, individuals or objects, or information about 
these distances and finds a configuration of these points in a small number of 
dimensions. 
A problem encountered by researchers in many disciplines - 
ranging from the physical, biological and behavioural sciences to 
product development, marketing and advertising - is how to 
measure and understand the relationships between objects when 
the underlying dimensions are not known. ..... 
Systematic 
classification generally precedes understanding..... MDS 
procedures represent objects judged experimentally similar to 
one another as points close to each other in a resultant spatial 
map. 
(Schiffnan et al, 1981) 
Obviously if the number of dimensions can be reduced to two or three 
then by plotting the data any groups or clusters will be evident from a visual 
inspection. In this sense, multidimensional scaling compares with the use of cluster 
analysis. 
Multidimensional scaling is also similar to factor analysis in that its aim is to reduce the 
dimensionality of the problem. However multidimensional scaling differs from factor 
analysis by the use of distances rather than the original data vectors. 
... epithets such as informal or formal in the context of teaching 
and learning relate to multidimensional concepts, that is, 
concepts made up of a number of variables. Multidimensional 
scaling, on the other hand, is a way of analysing judgements of 
similarity between such variables in order that the dimensionality 
of those judgements can be assessed. 
(Bennett and Bowers, 1977) 
The type of multidimensional scaling used in this study is known as non-metric 
scaling since the responses are ordinal data and as such the numbers do not have a 
strict numerical significance. 
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An ordinal scale is used to indicate rank order; that is to say, it 
arranges individuals or objects in a series ranging from the 
highest to lowest according to the particular characteristic being 
measured. In contrast to the interval scale [discussed earlier], 
ordinal numbers assigned to such series do not indicate absolute 
quantities nor can one assume that intervals between numbers are 
equal. 
(Cohen and Manion, 1980) 
The goodness of fit produced by the scaling method, when the number of dimensions 
are reduced, is known as stress. The correlation between the percentage stress and the 
goodness of fit is given by Alt (1990). The goodness of fit measure is also expressed in 
the range 0 to 1 and referred to as Kruskal's stress measure (Everitt and Dunn, 1991). 
These measures translate descriptively as: 
Stress % Kruskal's stress measure Goodness of Fit 
20.0 0.200 Poor 
10.0 0.100 Fair 
5.0 0.050 Good 
2.5 0.025 Excellent 
0.0 0.000 Perfect 
Like other multivariate techniques multidimensional scaling attracts some criticism, 
the most widely voiced being that with some data sets it may not give an adequate 
representation in two or three dimensions and hence visualisation may not be 
possible (Sammon 1969). When a group known to contain five groups in four 
dimensions is projected onto a two dimensional space then the groups can overlap 
to the extent that only four are visible. Obviously one could plot each pair of 
variables onto a two dimensional space and hence create a number of biplots. 
However a questionnaire with forty items taken in pairs would require; 
40 x 39 = 780 plots! 
2 
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In deciding on the number of dimensions the following suggestion given by 
Subkoviak (1975) is to be applied. 
The desired configuration should be represented in a geometric 
space of few dimensions (one, two or three if possible) and 
should have a reasonably small stress value. Thus, one accepts 
some stress in trade for a simple representation of the objects. 
However one is warned against too strict an adherence to the 'goodness-of-fit'. 
Interpretability and simplicity are important in data analysis 
and any rigid inference of optimal dimensionality, in the 
light of observed values of a numerical index of goodness - 
of - fit, may not be productive. 
(Ganadesikan and Wilk, 1969) 
In the light of such comments two dimensional solutions 
are likely to be of most practical importance since they 
have the virtue of simplicity, are often readily assimilated 
by the investigator......... 
(Everitt and Dunn, 1991) 
With the above in mind the following process of multidimensional scaling was 
adopted in this study. The number of dimensions was to be limited to three with two 
being the optimum. The goodness-of-fit measure was used in a relaxed way, i. e. a 
value <_ 0.15 was accepted. It can be seen from page 155 that a value of 0.20 or above 
is considered `poor' whilst a value of 0.10 is considered `fair'. Support in making the 
three / two dimensional solution choice was also looked for in a plot of stress against 
the number of dimensions which can be treated in a similar way to a plot of eigenvalues 
against number of factors in factor analysis: 
Plot minimum stress (q) versus q and choose the best 
number of dimensions, q, from an examination of this plot. 
(Johnson and Wichern, 1992) 
The method used in this study is outlined in the following steps. 
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tte the stress for a model based on two 
Is the stress <_0.15? 
NO 
[culate the stress for a model based 
three dimensions 
YES 
Is the stress <_0.15? 
YES 
stress(q) versus q for two to ten dimensions. 
3 the plot of stress (q) versus q offer for the 
a to put meaningful names to the 
ions. Can the clusters generated in cluster 
s be 'seen' in the n-dimensional space? 
NO 
mensional Scaling 
es a model which 
be readily visualised 
NO 
YES 
Any conclusions reached can be afforded 
support from the two multivariate techniques 
employed. 
Care must be taken in 
drawing conclusions. 
Figure 4.4.6 Method of Multidimensional Scaling used in this study 
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Kruskal - Wallis H test 
Since this study will investigate differences between groups, for example first year 
and second year A-level students or first and second year undergraduates, a 
statistical test of significance will be required. 
The data on the response scale is ordinal since the psychological distance between 
1 and 2 cannot be assumed to be the same as that between 3 and 4. A non- 
parametric equivalent of the parametric test of variance is required. Since the 
analysis of data in this study is to be carried out using SPSS, the suggestion by 
Cramer (1994) is that the Kruskal-Wallis one-way analysis of variance for ranks is 
applicable for two or more independent samples. 
Each sample must be at least 5 in order for x2 to be used, 
though sample sizes need not be equal. 
(Kanji, 1999) 
Therefore the test statistic used in this study is the chi-square distribution with n-1 
degrees of freedom. Since pairs of groups are to be compared then the number of 
degrees of freedom will be one and this gives the following values of the test statistic; 
Level of Significance Critical Value 
0.01 6.635 
0.05 3.841 
0.10 2.706 
The general question, "is there a difference in questionnaire responses between 
Group A and Group B 7' can be asked. The null hypothesis becomes; 
Ho : The ranking of the mean scores between group A and group B is the same. 
The criteria for rejecting the null hypothesis is that the test statistic is greater than 
the critical value. 
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5. RESEARCH FINDINGS AND DISCUSSION 
It is the belief of this author that research findings should, in the spirit of openness 
and peer review, be reported in full. To this end the following format will be adopted: 
5.1 Pilot questions one and two; 
Calculation of Cronbach's alpha for both for both the pre-university and 
undergraduate groups. Clusters using Ward's method, listed by statement, followed 
by dendrograms for the pre-university and undergraduate groups. Comparison of the 
pre-university and undergraduate groups. 
5.2 Main questions one and two; 
Kaiser-Meyer-Olkin measure of sampling adequacy, scree plot, table of factor 
loadings and table of extracted factors, using orthoganol and oblique rotation, for the 
pre-university and undergraduate groups. Clusters, using Ward's method, listed by 
statement and dendrogram for the pre-university and undergraduate groups. Table of 
stress measure, plot of stress v number of dimensions and multidimensional `map' for 
the pre university and undergraduate groups. Table of significant differences between 
gender and year group, at the 0.01,0.05 and 0.10 levels, as generated by the Kruskal 
Wallis H test for the pre-university and undergraduate groups. Comparison of the pre- 
university and undergraduate groups. 
5.3 Main question three; 
Kaiser-Meyer-Olkin measure of sampling adequacy, scree plot, table of factor 
loadings and table of extracted factors, using orthogonal and oblique rotation, for the 
`factors' group. Clusters using Ward's method, listed by statement, and dendrogram 
for the `factors' group. Table of stress measure, plot of stress v number of dimensions 
and multidimensional map for the `factors' group. 
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The aim is to provide the reader with sufficient data to reach their own interpretation 
of the outcomes. However, the author will argue the case for the given interpretation. 
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5.1 Pilot questions one and two 
Cronbach's alpha measure of sampling adequacy 
Table 5.1.1 Cronbach's alpha for the undergraduate and pre-university groups 
The above table shows the sampling adequacy to be in line with the 0.70 value for 
Cronbach's alpha which was set as an indicator that the instrument was suitable for 
the task. However given the closeness of this value to the lower limit, of 0.70, some 
degree of caution must be applied. 
Research findings and discussion - pilot 161 
questions one and two 
Students' Understanding of Quantum Phenomena 
Cluster Analysis - pre-university group 
Item number statement 
One B28 Wl ether one labels an electron a'pail icle' or'wave' depends on the particular 
exFie nment being earned out 
B36 orbits of electrons are not exactly detemuned. 
B15 I low one thinks of the nature of li t depends on the experiment being carried out. 
B20 Models do not represent the 'true picture' of atoms. 
B16 Electrons move along wave orbits around the nucleus. 
833 Individual electrons are tired towards a ven' narrow slit. On the other side is a 
photographic plate. What happens is that the electrons strike the plate one by one 
and gradually build Lip a diffraction pattern. 
B06 Coulomb's law, elect romagnet ism and Newtonian mechanics cannot explain why 
atoms are stable. 
BIS The photon is a 'lump' of energy that is transferred to or from the electromagnetic 
field. 
BIO In passing through a gap electrons continue to move along straight line paths. 
B05 Models are constructions of the human mind. 
B23 Since electrons are identical it is not possible to distinguish between them. 
B03 fhe ener of an atom can have tint, value. 
B21 Nobody knows the position accurately of an electron in orbit around the nucleus 
because it is very small and moves very fast. 
B22 It is possible for a single photon to constructively and destructively interfere with 
itself 
B26 When a beam of electrons produces a diffraction pattern it is because the electrons 
themselves are undergoing constructive and destructive interference. 
B19 Electrons consist of smeared charge clouds which surround the nucleus. 
B27 Electrons move randomly around the nucleus within a certain region or at a certain 
distance. 
B14 When an electron jumps' from a high orbital to a lower orbital, emitting a photon, 
the electron is not an where in herx'een the two orbits. 
Two B02 It is possible to have a visual 'image' of an electron 
B24 A model always provides a complete description of the object, structure or process 
in nature that it models. 
B13 Electrons are waves. 
835 HeLtrons are fixed in their shells. 
B32 All models are mental images (existing only in the human mind). 
B39 the photon is a small, spherical entity 
B08 An atom cannot be visualised 
Three 1301 the stmcture of the atom is similar to the way planets orbit the sun 
B12 The photon is a son of'cner ti particle' 
Bit A model is a scaled up or down version of something real, with a one to one 
correspondence between the model and the real thing it represents (e. g. the solar 
system or an atom). 
B17 A model depicts or describes a theory. 
B34 Models are of a temporary nature. With the increase of knowledge a model may 
become obsolete or useless and either adapted or replaced by another model. 
B09 Light always behaves as a wave. 
B25 Electrons move around the nucleus in definite orbits with high velocity. 
B37 A model is formulated using facts obtained by experiment and/or observation. 
B38 Models are aids to communication (e. g in teaching) 
B40 Models can be used to predict phenomena, structures or processes that have not 
previouslý Ixen observed. 
B04 The atom is stable due to a 'balance' between an attractive electric lbrce and the 
movement of the electron. 
B30 If a container has a few gas molecules in it and we know their instantaneous 
positions and velocities then we can use Newtonian mechanics to predict exactly 
how they will behave as time goes by. 
B29 Models are visual representations of the abstract and unseen. 
B31 During the emission of light from atoms the electrons follow a definite path as they 
move from one energy level to another 
B07 The electron is always a particle. 
Table 5.1.2 Clusters listed by statement for the pre-university group [N=321 
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CLUSTER ONE 
CLUSTER TWO 
CLUSTER THREE 
B28 
B36 
B15 
B20- 
B16- 
B33- 
B06 - 
B18. 
B10- 
B05- 
B23 
B03 
B21- 
B22- 
B26- 
B19- 
B27- 
B14- 
B02 
B24 
B13- 
B35, 
B32- 
B39- 
B08, 
BO1. 
B12, 
B11- 
B17 
B34 
B09 
B25 
B37 
B38 
B40 
B04 
B30 
B31 
B07 
Figure 5.1.1 Dendrogram, using Ward's method with squared Euclidean 
distance measure, for the pre-university group following Cluster Analysis IN = 
321 
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Interpretation of the Clusters 
The dendrograms for the pre-university group, see Table 5.1.2 and Figure 5.1.1, can 
be interpreted and labelled as follows. 
For Cluster 1 is labelled Emergent Quantum Thinking/ Mental Image Models. The 
emergent quantum thinking can be seen in statements, for example, B33 [Individual 
electrons are fired towards a very narrow slit. On the other side is a photographic 
plate. What happens is that the electrons strike the plate one by one and gradually 
build up a diffraction pattern] and B21 [Nobody knows the position accurately of an 
electron in orbit around the nucleus because it is very small and moves very fast]. The 
mental image models can be seen in statements, for example, B05 [Models are 
constructions of the human mind] and [B20 Models do not represent the `true picture' 
of atoms]. 
Cluster 2 is labelled Mechanistic Thinking / Conflicting Models. The mechanistic 
thinking is typified by, for example, B35 [Electrons are fixed in their shells] and B39 
[The photon is a small spherical entity]. Conflicting concepts of models can be seen in 
B24 [A model always provides a complete description of the object, structure or 
process in nature that it models] and B32 [All models are mental images (existing 
only in the human mind)]. 
Cluster 3 is labelled Mechanistic Thinking / Complete Models. The completeness of 
the conception of a model is in statements B37 [A model is formulated using facts 
obtained by experiment and/or observation], B17 [A model depicts or describes a 
theory] and B40 [Models can be used to predict phenomena, structures or processes 
that have not previously been observed]. The pre-university group clustering runs in 
general agreement with that of Mashhadi (1996), see Table 5.1.3, and this can be 
considered as a source of validity for what is recognised as a small sample. The 
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agreement with previous work and the values returned for Cronbach's alpha support 
the use of the instrument for investigating the main questions. 
Cluster Mas 
Cluster I Quantum / temporary Emergent Quantum Thinking / 
representation to aid prediction / Mental Image Models 
Realism - Scientific Realism 
Cluster 2 Intermediate / Mental Copy of Mechanistic Thinking / 
reality / Logical Positivism - Conflicting Models 
Instrumentalism 
Cluster 3 Mechanistic / Complete description Mechanistic Thinking / 
/ Scepticism - Instrumentalism Complete Models. 
Table 5.1.3 Comparison of pilot study with previous research with 
pre-university students. 
1 Ireson 1999, in this case, refers to the thesis and not the paper cited in the references. 
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Cluster Analysis - undergraduate group 
Item number Statemext 
One B34 Models arc of a temp nary nature With the increase of knowledge a model may 
hecomc obsolete or useless and either adapted or replaced by another model 
837 A model is formulated using facts obtained by expenment and or observation 
B17 A model deictsordescnbesatheory 
B28 Whether one labels an electron a'particle' or'wave' depends on the particular 
experiment being carried out. 
BIS I tow one thinks of the nature of li t depends on the experiment being canned out. 
BI2 The photon is a sort of-energy particle' 
B38 Models are aids to communication (e g in teaching) 
B40 Models can be used to predict phenomena, structures or processes that have not 
previously been observed. 
B14 When an electron jumps' from a high orbital to a lower orbital, emitting a photon, 
the electron is not ant where in between the two orbits. 
B19 Electrons consist of smeared charge clouds which surround the nucleus. 
B16 Electrons move along wave orbits around the nucleus. 
B20 Models do not represent the true icture' of atoms 
BOS Models are constructions of the human mind 
B26 When a beam of electrons produces a diffraction pattern it is because the electrons 
themsches are undergoing constructive and destructive interference. 
Two 1121 Nobody knows the position accurately of an electron in orbit around the nucleus 
because it is verv small and moves nerv tkst 
B36 Orbits of electrons are not exactly determined 
B01 The structure of the atom is similar to the way planets orbit the sun. 
B27 Electrons move randomly around the nucleus within a certain region or at a certain 
distance 
B04 the atom is stable due to a'balance' between an attractive electric force and the 
nxwement of the electron. 
B06 Coulomb's law. electromagnetism and Newtonian mechanics cannot explain why 
atoms are stable 
B22 It is possible for a single photon to constructively and destructively interfere with 
itself 
802 It is possible to have a visual 'image' of an electron. 
Bit A model is a scaled up or down version of something real, with a one to one 
correspondence between the model and the real thing it represents (e. g. the solar 
System or at atom) 
B13 Electrons are waves. 
B311 If a container has a few gas molecules in it and we know their instantaneous 
positions and velocities then we can use Newtonian mechanics to predict exactly 
how the), will behave as time goes by 
B32 All models are mental images (existing only in the human mind). 
B29 Models are visual representations of the abstract and unseen. 
B33 Individual electrons are fired towards a very narrow slit. On the other side is a 
photographic plate What happens is that the electrons strike the plate one by one 
and gradually build a diffraction altem. 
B18 The photon is a 'lump' of energy that is transferred to or from the electromagnetic 
field 
B25 Electrons move around the nucleus in definite orbits with high velocity. 
B31 During the emission of light from atoms the electrons follow a definite path as they 
move front one energy level to another. 
B23 Since electrons are identical it is not possible to distinguish between them. 
803 The energy of an atom can have am' value 
Three B08 An atom cannot be visualised 
B10 In passing throe a gap electrons continue to move along straight line paths. 
B24 A model always provides a complete description of the object, structure or process 
in nature that it models 
B39 The photon is a small, spherical entity 
B35 Electrons are fixed in their shells. 
B07 The electron is always a article. 
B09 Light alwa : behaves as a wave. 
Table 5.1.4 Clusters listed by statement for the undergraduate group 1N=301 
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CLUSTER ONE 
CLUSTER TWO 
CLUSTER THREE 
. B34 B37 
B17 
B28 
B15 
B12 
B38 
B40 
B14 
B19 
B16 
B20 
B05 
B26 
B21 
B36 
BO1 
B27 
B04 
B06 
B22 
B02 
BI1 
B13 
B30 
B32 
B29 
B33 
B18 
B25 
B31 
B23 
B03 
B08 
BIC 
B24 
B3S 
B35 
B07 
BOS 
Figure 5.1.2 Dendrogram, using Ward's method with squared Euclidean 
distance measure, for the undergraduate group following Cluster Analysis 
IN = 30] 
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Interpretation of the Clusters 
The dendrograms for the undergraduate group, see Table 5.1.4 and Figure 5.1.2, can 
be interpreted and labelled as follows. 
Cluster 1 is labelled Quantum Thinking/ Descriptive Models. Examples of quantum 
thinking can be drawn from statements B26 [When a beam of electrons produces a 
diffraction pattern it is because the electrons themselves are undergoing constructive 
and destructive interference] and B28 [Whether one labels an electron a `particle' or 
`wave' depends on the particular experiment being carried out]. The descriptive 
nature of models can be seen in statements B34 [Models are of a temporary nature. 
With the increase of knowledge a model may become obsolete or useless and either 
adapted or replaced by another model] and B38 [Models are aids in communication 
(e. g. in teaching)]. 
Cluster 2 is labelled Conflicting Thinking / Conflicting Models. Conflict of thinking 
is seen in B25 [Electrons move around the nucleus in definite orbits with a high 
velocity] and B36 [Orbits of electrons are not exactly determined]. Conflicting 
concepts of models are shown in Bi 1 [A model is a scaled up or down version of 
something real, with a one to one correspondence between the model and the real 
thing it represents (e. g. the solar system or an atom)] and B32 [All models are mental 
images (existing only in the human mind)]. 
Cluster 3 is labelled Mechanistic Thinking / Complete Models. The mechanistic 
thinking is typified by, for example, B35 [Electrons are fixed in their shells] and B07 
[The electron is always a particle]. Whilst item B24 [A model always provides a 
complete description of the object, structure or process that it models] refers to a 
model providing a complete description. The interpretation of the clusters for both 
groups can be summarised as follows: 
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O %dergraduate g 
Cluster I Emergent Quantum Thinking / Quantum l'hinking / 
Mental Image Models Descriptive Models 
Cluster 2 Mechanistic Thinking / Conflicting Thinking / 
Conflicting Models Conflicting Models 
Cluster 3 Mechanistic Thinking / Mechanistic Thinking / 
Complete Models. Complete Models 
Table 5.1.5 Summary of Clusters from the pilot study 
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Comparison of the pre-university and undergraduate groups from the Pilot 
study; 
The interpretation of the clusters for both groups is, on the whole similar, with the 
pre-university group showing a greater tendency towards mechanistic thinking (i. e. 
Cluster 2). In order to further examine the differences and similarities the data were 
subjected to a Kruskal - Wallis H test. The results from the Kruskal - Wallis H test, 
indicate that the two most significant differences between the pre-university and 
undergraduate groups are in the areas of wave-particle duality and quantisation of 
energy as shown by levels items B03, B07, B09 and B25, see table 5.1.6. If we recall 
that the pre-university group would have studied both of these topics at A-level then 
another factor must act to develop understanding in the undergraduate group. This 
may be a matter of intellectual maturity or simply greater exposure to the `nature' of 
physics during undergraduate courses. A further difference emerges between the two 
groups in their understanding of the use and application of models in physics (e. g. 
item B05 [Models are constructions of the human mind]). This again may be due to 
the greater exposure to abstract ideas amongst the undergraduate group. It is also 
worth remembering that the undergraduate group is, in some ways, self selecting 
having previously been sufficiently `successful' at A-level to gain entry to the 
university. 
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110', t he encrev of an atom can have any value. 
1307 I he electron is akka>s a particle. 
1109 I. itght always behaves as a ýkave. 
1330 If'a container has a few gas molecules in it and we know their instantaneous 
positions and velocities then we can use Newtonian mechanics to predict exactly 
hock they will behave as time goes hN. 
0.10 level 
130 Models are constructions of the human mind. 
B10 In passing through a gap electrons continue to move along straight line paths. 
B13 Electrons are waves. 
B15 How one thinks of the nature of light depends on the experiment being carried 
out. 
B25 Electrons move around the nucleus in definite orbits with a high velocity. 
B28 Whether one labels an electron a 'particle' or 'wave' depends on the particular experiment 
being carried out. 
Table 5.1.6 Items showing a significant difference between the pre-university and 
undergraduate groups during the pilot study (Kruskal-Wallis H test). 
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5.2 Main questions one and two 
Factor Analysis - pre-university group 
Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy is 0.651 (0.70) which is 
considered to be mediocre. This result is considered to be acceptable for further 
analysis, see pages 137 and 141. 
The scree plot suggests that six factors or components should be rotated. 
Scree Plot 
40 
3.5 
3.0 
Eigen 2.5 
value 
2.0 
1.5 
1.0 
5 
00 
Factor 
Figure 5.2.1 scree plot for the pre-university group [N=3501 suggesting 6 factors 
should be rotated. 
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Item 1 2 34 5 6 
BOl <0.100 0.187 -0.353 <0.100 <0.100 
B02 <0.100 -0.218 <0.100 -0.208 <0.100 0.136 
B03 0.194 0.156 <0.1011 <0.100 <0.100 
B04 0.299 0.235 0.391 <0.100 <0.100 <0.100 
B05 <0.100 0159 -0.195 0.350 0.162 -0.182 
B06 -0.114 <0.100 -0.129 <0.100 -0.141 
B07 <0.100 0.269 -0.201 <0.100 <0.100 
B08 11.11X1 <0.100 <0.100 0.280 <0.100 <0.100 
B09 0.545 <0.100 0.131 -0.190 <0.100 -0.270 
B 10 0.455 0.107 <0.100 0.322 <0.100 -0.214 
Bll 0.444 <0.100 0.163 <0.100 <0.100 <0.100 
B12 u. ti ºu 0.317 0.237 <0.100 <0.100 0.115 
B13 -0.113 -0.123 <0.100 0.103 <0.100 
B14 0.128 0.286 -0.273 0.126 0.114 <0.100 
B15 0.208 0.203 0.161 <0.100 <0.100 
B16 <0.100 <0.100 0.405 0.160 0.338 -0.456 
B17 <0.100 0.297 <0.100 0.248 <0.100 
B18 0.283 0.259 0.179 0.352 <0.100 <0.100 
B I9 <0.100 <0.100 0.191 0.362 0.1141 <0.100 
B20 -0.183 <0.100 <0.100 0.128 0.601 0.213 
B21 <0.100 <0.100 <0.100 <0.100 0.444 -0.193 
B22 -0.305 -0.120 0.123 <0.100 0.387 0.172 
B23 0.165 <0.100 0.220 <0.100 0.137 <0.100 
B24 0.312 -0.243 0.163 0.246 -0.309 <0.100 
B25 0.274 0.129 0.397 -0.123 <0.100 
B26 <0.100 0.149 0.189 0.125 <0.100 
B27 0.204 0.244 <0.100 0.169 -0.115 0.386 
B28 <0.100 0.132 0.246 <0.100 <0.100 
B29 0.187 0.308 <0.100 <0.100 <0.100 
B30 <0.100 <0.100 <0.100 <0.100 <0.100 
831 0.228 -0.128 0.322 -0.290 0.141 0.322 
B32 <0.100 -0214 -0.158 <0.100 -0.118 
B33 -0.311 <0.100 0.301 <0.100 <0.100 -0.380 
B34 <0.100 . o. IlNl <0.100 <0.100 0.155 
B35 0.150 -0.369 0.268 -0.279 0.254 B36 0.184 u. 1 uiº <0.100 0.222 <0.100 
B37 <0.100 0.625 <0.100 <0.100 -0.127 <0.100 
B38 <0.100 0.660 <0.100 -0.116 <0.100 0.100 
B39 0.322 -0.166 0.354 0.137 -0.134 
_ -0.42 
B40 <0.100 0.111 <0.100 -0.201 0.162 0.494 
Table 5.2.1 Rotated (Varimax) factor loadings for the pre-university group 
[N=350. 
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Item 12345 6 
BO1 0.134 11.242 ý11.11N1 -0.304 <0.100 
B02 <0.100 0 203 -0.248 (1.100 0.105 0.124 
B03 
__ 
0.306 0.120 0.138 -0.244 t -0.217 <0.100 B04 0.381 0.259 0. ISO 0.265 -0.144 <0.100 
130,5 <O. 1(N) 0.123 j0 
06 <0.100 <0.100 <0.100 
B07 A. 100 -0.394 A. 100 
- 
<0.100 <0.100 
B08 I I. IoI-, 0.100 0.244 100 <0. <0.100 -0.118 
B09 0.572 . 0.100 -0.244 -0.158 <0.100 <0.100 
BIO 0.543 <0.1 00 0.226 <0.100 <0.100 <0.100 
B 11 0.444 (). loo -0.1 US 0.158 <0.100 <0.100 
B 12 0.100 _0.346 -0.116 0.212 <0.100 <0.100 
B 13 <0.100 -0.124 0.474 0.429 <0.100 -0.188 
1314 <0.100 0.252 0.209 <0.100 0.246 -0.147 
B15 0.242 0.166 0.166 -0.358 -0.111 B 16 0.140 <0.100 10.100 <0.100 -0.338 
B17 <0.100 <0.100 0.241 -0.109 -0.293 
B 18 0.342 0.258 0.139 0.328 <0.100 <0.100 
B19 <0.100 <0.100 0.183 0.363 <0.100 -11.1 .16 B20 -0.252 <0.100 <0.100 0.136 <0.100 - -0.613 
B21 <0.100 <0.100 <0.100 -0.106 -0.160 -0.436 
B22 -0.336 <0.100 <0.100 0.156 <0.100 -0.3`41 
B23 0.148 <0.100 -0.221 0.143 <0.100 -0.139 
B24 0.336 -0.246 <0.100 0.303 <0.100 0.269 
B25 0.273 0.172 <0.100 -0.126 0.173 
B26 -0.159 0.193 -0.108 0.203 <0.100 
B27 0.117 0.249 <0.100 0.302 0.354 <0.100 
B28 0.101 0.256 0.188 -0.306 < 0.100 
B29 0.164 0.321 <0.100 <0.100 <0.100 
B30 0.113 <0.100 -0.374 -0.377 <0.100 
B31 0.115 <0.100 0.212 0.128 -0.120 
B32 -0.118 -0.223 0.119 -0.182 <0.100 -0.394 
B33 -0.120 <0.100 <0.100 <0.100 <0.100 
B34 -0.113 <0.100 <0.100 0.142 <0.100 
B35 0.177 -0.320 -0.151 <0.100 0.231 
B36 0.153 0.190 0.145 <0.100 <0.100 
B37 <0.100 0.622 <0.100 <0.100 <0.100 0.108 
B38 <0.100 0.646 <0.100 -0.134 0.114 <0.100 
B39 0.507 -0.169 <0.100 <0.100 -0.421 0.127 B40 -0.199 0.147 -0.297 0.132 0.362 -0.161 
Table 5.2.2 Rotated (Oblimin) factor loadings for the pre-university group 
(N=3501. 
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Ideally Factor Analysis should generate a matrix in which each item `loads' onto only 
one rotated factor however, in reality, this is rarely the case. Taking a loading of ± 
0.400 as a cut off point those items, highlighted in table 5.2.1, which load onto only 
one factor following varimax rotation can be grouped as given in table 5.2.3. Those 
items, highlighted in table 5.2.2, which load onto only one factor following oblimin 
rotation can be grouped as given in table 5.2.4 
1 2 3 4 5 6 
B07 1317 BO1 B06 B20 B03 
B09 1334 B30 B13 B21 B26 
B10 B37 B35 B25 B29 B39 
B 11 B38 B32 B40 
B15 B36 
B28 
Table 5.2.3 Items loading onto one and only one factor (Varimax rotation) with a 
loading of greater than ± 0.400 for the pre-university group IN=350. 
1 2 3 4 5 6 
B07 1 317 BO I B26 B 16 1320 
B09 B34 B05 B30 B33 B21 
B10 B37 B06 B35 B29 
B11 B38 B25 B36 
B15 B31 
B28 
Table 5.2.4 Items loading onto one and only one factor (Oblimin rotation) with a 
loading of greater than ± 0.400 for the pre-university group JN=3501. 
It can be seen from tables 5.2.3 and 5.2.4 that three factors, varimax l and oblimin 1, 
varimax 2 and obliimin 2 and varimax 5 and oblimin 6. are robust under the two 
rotations. This evidence and a more stringent interpretation of figure 5.2.1 is 
indicative of the possiblity that only three factors exists in reality. In order to present 
findings that are more robust table 5.2.5 shows the rotated factor loadings for the two 
rotations if only three factor are extracted. 
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Item Vi 
e 
V2 L V3 01 02 03 
BOI ___ ____ 0.239 -0.209 0.245 -0.214 B02 <0.100 -0.127 -0.265 .. 0. IOlº -0.130 -0.266 
B03 0.205 <0.1(N) 11.101 0.202 <0.100 <0.100 
B04 
BOS -0.104 
0.128 
, 0.1(4) 
0.100 
-0.115 
0.137 
, 0.100 
<0.100 
B06 -0.237 -0.207 0.306 -0.148 -0.207 0.306 
B07 <0.100 -0.308 <0.100 -0.321 
B08 <0.100 -0.122 0.206 <0.100 -0.120 0.204 
B09 -0.139 -0.183 -0.131 -0.196 B 10 0.390 -0.131 0.132 0.384 -0.122 0.121 BlI <0.100 <0.1 W <0.100 <0.100 
B12 0.178 0.301 <0.100 0.182 0.305 <0.100 _BI 3 <o. 100 -0.234 <0.100 -0.228 
B14 <0.100 0.238 0.102 <0.100 0.237 0.107 
B15 -0.183 0.222 0.383 -0.191 0.222 0.390 
B16 
B17 
0.349 
0.270 
< 11.100 
0.235 
0.334 
0.270 
<0.100 
0.236 
B18 0.355 0.106 0.205 0.351 0.115 0.198 
B19 <0.100 <0.100 0.332 <0.100 <0.100 0.329 
B20 -0.110 0.171 -0.119 0.173 
B21 0137 0.118 0.300 0.130 0.124 0.298 
B22 -0.128 <0.100 0.288 -0.134 <0.100 0.292 
B23 0.257 <0.100 <0.100 0.258 <0.100 <0.100 
B24 0.262 -0.392 -0.105 0.259 -0.388 -0.117 B25 0.447 0.191 -0.484 0.463 0.195 -0.491 B26 <0.100 0.235 <0.100 <0.100 0.236 <0.100 
B27 <0.100 0.205 <0.100 0.103 0.207 <0.100 
B28 -0.255 <0.100 0.368 -0.265 <0.100 0.375 
B29 0.268 0.321 0.264 0.321 
B30 <0.100 <0.100 <0.100 <0.100 
B31 0.302 , 0.100 -0.253 0.310 <0.100 -0.258 B32 -0.140 <0.100 0.270 :: 
f_ 
-0.148 <0.100 0.272 
B33 <0.100 0.1110 0.176 <0.100 0.100 0.174 
B34 <0.100 X0.628 <0.100 <0.100 0.627 <0.100 
B35 0.324 -0.418 <0.100 0.319 -0.412 <0.100 
B36 0.156 u. IIu 0.146 n. 1 1T 
B37 <0.100 0.515 <0.100 <0.100 0.516 <0.100 
B38 <0.100 0.595 <0.100 , 0.100 0.595 , 0.100 
B39 -0.372 <0.100 . 301 <0.100 B40 <0.100 0.334 -0.151 _ <0.100 0.331 -0.144 
Table 5.2.5 Rotated (Oblimin and Varimax) factor loadings, three factors 
extracted, for the pre-university group (N=350]. 
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Whilst the two alternative rotations now produce robust factors one must be aware of 
the reduction in the total variance explained. Rotating six factors explains 34.7% of 
the total variance whilst rotating three explains 21.0%. 
As previously stated Factor Analysis should ideally generate a matrix in which each 
item 'loads' onto only one rotated factor. However, in reality, this is rarely the case. 
Taking a loading of ± 0.400 as a cut off point those items, highlighted in table 5.2.5, 
which load onto only one factor following both varimax and oblimin rotation can be 
grouped as given in table 5.2.6. 
1 2 3 
BO1 1317 B05 
B04 B29 B13 
B07 B34 B16 
B09 B35 B20 
B11 B37 B36 
B30 B38 
B39 
Table 5.2.6 Items loading onto one and only one factor (Varimax andOblimin 
rotations) with a loading of greater than ± 0.400 for the pre-university group 
[N=350. 
Interpretation of the factors 
The factors for the pre-university group, see Table 5.2.6, can be interpreted and 
labelled as follows. 
Factor 1 is labelled Wave - Particle duality 
BOl The structure of the atom is similar to the way planets orbit the sun: B04 The 
atom is stable due to a 'balance' between an attractive electric force and the movement 
of the electron: B07 The electron is always a particle: B09 Light always behaves as a 
wave: BI 1A model is a scaled up or down version of something real, with a one to 
one correspondence between the model and the real thing it represents (e. g. the solar 
system or an atom): B30 If a container has a few gas molecules in it and we know 
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their instanteous positions and velocities then we can use Newtonian mechanics to 
predict exactly how they will behave as time goes by: B39 The photon is a small 
spherical entity. 
This is, in some ways, to be expected since those students yet to study quantum 
phenomena are unlikely to have addressed the dual nature of light and matter. 
Factor 2 is labelled The Nature of Models 
B17 A model depicts or describes a theory: B29 Models are visual representations of 
the abstract and unseen: B34 models are temporary in nature. With the increase in 
knowledge a model may become obsolete or useless and either adapted or replaced by 
another model: B35 Electrons are fixed in their shells: B37 A model is formulated 
using facts obtained by experiment and/or observation: B38 Models are aids to 
communication (e. g. teaching). 
It is unlikely that GCE A-level students will have devoted much, if any, syllabus time 
to the nature of models. 
Factor 3 is labelled Visualisability of electrons 
B05 Models are constructions of the human mind: B13 Electrons are waves: B16 
Electrons move along wave orbits around the nucleus: B20 Models do not represent 
the 'true picture' of atoms: B36 Orbits of electrons are not exactly determined. 
The notion of'mental images' and 'real images' is obviously a factor in GCE students' 
understanding. 
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Factor Analysis - undergraduate group 
The Kaiser-mayer-Oklin (KMO) measure of sampling adequacy is 0.705 which is 
considered to be middling, this is a sound result and gives confidence in the analysis, 
see pages 137 and 141. 
The scree plot suggests that 4 factors or components should be rotated. 
Scree Plot 
7 
6 
5 
Eigen 
value 4 
3 
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Figure 5.2.2 scree plot for the undergraduate group [ N=3381 suggesting 4 factors 
should be rotated 
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Factor 
Item 12 3 4 
BO1 -0.168 11.277 -0.217 
B02 <0.100 0.213 <0.100 <0.100 
B03 <0.100 <0. l(M) <0.100 
B04 <0.100 0.106 
B05 0.373 0.364 
B06 <0.100 <0.100 
<0.100 
<0.100 
<0.100 
0.166 
B07 0.129 <0.100 -0.171 
B08 0.104 -0.422 <0.100 0.427 
B09 -0.535 <0.100 <0.100 -0.255 
B 10 -0.484 <0.100 -0.131 <0.100 
811 <0.100 0.257 0.218 
B12 0.182 <0.100 <0.100 
B13 0.115 <0.100 0.393 <0.100 
B14 0.102 <0.100 <0.100 
B15 1I. s_2S t <0.100 0.186 
B16 0.375 0.401 0.217 <0.100 
B17 0.242 0.408 <0.100 0.334 
B18 0.332 0.313 0.205 O. 365 
B19 <0.100 0.104 <0.100 0.474 1 
B20 0.127 0.209 <0.100 0.450] 
B21 -0.125 0.346 0.100 
B22 <0.100 -0.125 <0.100 
B23 0.136 <0.100 <0.100 0.217 
B24 -0.431 -0.305 0.559 <0.100 
B25 <0.100 <0.100 0.397 
B26 0.215 0.173 <0.100 0.318 
327 <0.100 0.278 0.196 
B28 0.284 (1.1INº 0.194 
B29 0.204 0.198 0.450 0.115 
B30 0.186 -0.154 0.446 -0.143 
B31 -0.222 0.151 0.500 -0.209 
B32 0.172 -0.125 o. »)4 0.222 
B33 0.304 0.210 0.259 <0.100 
B34 0.492 0.468 <0.100 <0.100 
B35 -0.282 0.368 0.355 <0.100 
B36 -0.106 IL2t, ý, -0.277 
B37 _ 0.158 F 0.593 <0.100 <0.100 
B38 0.296 0.478 <0.100 0.220 
B39 -0.378 -0.242 0.367 0.167 
B40 <0.100 <0.100 0.167 
Table 5.2.7 Rotated factor (Varimax) loadings for the undergraduate group 
(N=338. 
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Item 123 4 
B01 
_ 
0.1 9 0.268 -0.193 
B02 i i. 100 <O. I lN) -0215 0.225 
603 I -0.707 <0. I (10 <0.100 -0.110 
B04 i i. 101 <0.100 0.142 
B05 <0.100 0.235 0.386 
B06 0.123 <0.100 <0.100 
B07 <0.100 -0.222 <0.100 
B08 -0.12( <0.100 0.371 
B09 -0.548 <0.100 -0.300 <0.100 
B 10 -0.490 -0.141 -0.150 -0.113 
Bll II. i40.248 0.177 <0.100 
B12 1 0.267 + <0.100 <0.100 
B13 u. 11 li 1 0.396 <0.100 <0.100 
B14 0.577 <0.100 <0.100 0.147 
B I, 5 0.680 <0.100 0.276 0.359 
B16 0.414 0.221 <0.100 0.446 
B17 0.320 <0.100 0.94 
B18 0.392 0.207 0.422 0 339 0.422 . B19 <0.100 <0.100 <0.100 
B20 0.189 <0.100 0.478 0.200 
B21 <0.1(x) 0.399 100 0.367 
B22 <0.190 <0.100 -0.132 
B23 0.157 <0.100 0.232 <0.100 
B24 -0.488 0.552 <0.100 -0.290 
B25 <0.1(M) 0.399 <0.100 
B26 0.257 <0.100 0.351 0.183 
B27 <0.100 0.219 0.309 
B28 0.100 0.278 0.327 
B29 0.220 0.452 0.149 0.245 
B30 0.135 0.453 -0.144 <0.100 
B31 -0.234 0.493 -0.216 0.182 
B32 0.156 ()-; IN 0.221 <0.100 
B33 0.326 0.263 0.132 0.250 
B34 0.550 <0.100 <0.100 0.500 
B35 -0.340 0.353 <0.100 -0.359 
B36 <0.100 -0.284 Iº. 15 
B37 0.242 <0.100 0.137 0. S97-' 
B38 0.373 <0.100 0.292 0.491 
B39 0.361 0.104 -0.246 
B40 <0.100 <0.100 0.215 
Table 5.2.8 Rotated factor (Oblimin) loadings for the undergraduate group 
[N=338). 
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Ideally Factor Analysis should generate a matrix in which each item 'loads' onto only 
one rotated factor, however this is rarely the case. Taking a loading of ± 0.400 as a cut 
off point those items, highlighted in tables 5.2.7 and 5.2.8, which load onto only one 
factor can be grouped as given in table 5.2.9. 
V1 V2 V3 V4 01 02 03 04 
B03 BO1 B06 B04 101 
B07 B12 H21 B19 R05 B27 B 18 B08 
B09 B16 B27 B20 B07 B29 B19 B12 
B10 B17 B29 B22 B09 B30 B20 B17 
B14 B37 B30 B25 B10 B31 B22 B37 
B15 B38 B31 B36 B14 B25 B38 
B28 B40 B15 B36 B40 
- B28 
1339 
Table 5.2.9 Items loading onto one and only one factor with a loading of greater 
than ± 0.400 for the undergraduate group IN=3381. 
From the above table mutual support for the four factors under the two rotations can 
be found between VI and 01, V2 and 04, V3 and 02 and V4 and 03. Finding that 
the factors are robust under the two rotations allows one to have some measure of 
confidence that they are 'real'. 
Interpretation of the factors 
The factors for the undergraduate group, see Table 5.2.9, can be interpreted and 
labelled as follows. 
Factor 1 (VI and 01) is labelled Wave - Particle duality 
B03 The energy of an atom can have any value: B07 The electron is always a particle: 
B09 Light always behaves as a wave: B 10 In passing through gaps electrons continue 
to move in straight line paths: B 14 When an electron 'jumps' from a high orbital to a 
lower orbital, emitting a photon, the electron is not anywhere in between the two 
orbits: B 15 how one thinks of the nature of light depends on the experiment being 
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carried out: B28 Whether one labels an electron a 'particle' or 'wave' depends on the 
particular experiment being carried out. 
Factor 2 (V2 and 04) is labelled The Nature of Models 
BO1 The structure of the atom is similar to the way planets orbit the sun: B12 The 
photon is a sort of'energy particle': B17 A model depicts or describes a theory: B37 A 
model is formulated using facts obtained by experiment and/or observation: B38 
Models are aids to communication (e. g. teaching): B40 Models can be used to predict 
phenomena, structures or processes that have not previously been observed. 
Factor 3 (V3 and 02) is labelled Mechanistic - Random Nature of'entities' 
B04 The atom is stable due to a 'balance' between an attractive electric force and the 
movement of the electron: B27 Electrons move randomly around the nucleus within a 
certain region or at a certain distance: B29 Models are visual representations of the 
abstract and unseen: B30 If a container has a few gas molecules in it and we know 
their instantaneous positions and velocities then we can use Newtonian mechanics to 
predict exactly how they will behave as time goes by: B31 During the emission of 
light from atoms electrons follow a definite path as they move from one energy level 
to another: 
Factor 4 (V4 and 03) is labelled 'Explaining' the Atom 
B06 Coulomb's law, electromagnetism and Newtonian mechanics cannot explain why 
atoms are stable: B19 Electrons consist of smeared charge clouds which surround the 
nucleus: B20 Models but not represent the 'true picture' of atoms: B25 Electrons move 
around the nucleus in definite orbits with high velocity. 
The pre-university and undergraduate group Factors can be summarised as shown in 
Table 5.2.10. 
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U 
Factor 1: Wave - Particle duality I Factor 1: Wave - Particle duality 
Factor 2: The Nature of Models I Factor 2: The Nature of Models 
Factor 3: Mechanistic - Random Nature 
of'entities' 
Factor 3: Visualisahility 
Factor 4: 'Explaining' the Atom 
Table 5.2.10 Pre-university and undergraduate group Factors compared. 
It can be seen in the above table that similar Factors are important for the 
development of quantum understanding in both the pre-university and undergraduate 
groups. Factors 3 and 4 from the undergraduate group can be considered to be fine 
splitting of Factor 3 from the pre-university group. 
It is of interest that in both groups Factor I [Wave - Particle duality] contributes the 
largest amount to the total variance [ 15.4% (under both rotations) for the 
undergraduate group and 8.4% (under both rotations) for pre-university group]. In 
chapter 6 the case for avoiding the 'duality problem' is presented and a suggested 
'teaching route' is offered. 
It is also of interest that Factor 2 [The Nature of Models] contributes relatively highly 
[-6.1% (7.4%under varimax rotation and 4.8% under oblimin rotation) for the 
undergraduate group and 6.8% (under both rotations) for the pre-university group] 
when one considers that the 'nature of models' is not explicitly taught at the pre- 
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university or undergraduate levels perhaps this is not too much of a surprise. The need 
to include'models' and 'modelling' in physics courses is again raised in chapter 6. 
i 
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Cluster Analysis - pre-university group 
The data set for the pre-university group was clustered, using Ward's method, in two 
halves in order to look for robustness of the clusters and provide a measure of stability 
validation as outlined on page 149. 
The two halves were randomly selected with the constraint that each half was matched 
for year and gender. In the pre-university data set 190 students are in year one and 160 
in year two, 69 are female and 281 are male. 
In the two halves: 
Set one; 95 year one, 80 year two, 35 female and 140 male 
Set two; 95 year one, 80 year two, 34 female and 141 male. 
The two clusters generated can be seen in figures 5.2.3 and 5.2.4. The similarities in 
the clusters offers support for the reality of the clusters and the full clusters generated 
from the full data set are set out in table 5.2.11 and figure 5.2.5. 
It can be seen in figure 5.2.5 that a small `clusterette', (B22, B32 and B08), has 
moved from cluster two in figures 5.2.3 and 5.2.4 to cluster three in figure 5.2.5 and 
table 5.2.11. However this does not effect the naming of the clusters. 
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Figure 5.2.3 Clusters, using Ward's method, from the first `split half' of the pre- 
university group 
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Figure 5.2.4 Clusters, using Ward's method, from the second `split half' of the 
pre-university group 
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Item number Statement 
One t13 -lrl is I onnulaied using facts obtained by ex nment and or observation 
11, sleI' are aids to communication (c g in teaching) 
B34 Models are of a temporary nature With the increase of knowledge a model may 
become obsolete or useless and either adapted or replaced by another model. 
BI2 flee photon is a sort of'ener w particle' 
B17 A model depicts or describes a theory 
RIS Itow one thinks of the nature of light depends on the experiment being carried out. 
B28 Whether one labels an electron a 'particle' or'wave' depends on the particular 
experiment being caned out 
B29 Models are visual representations of the abstract and unseen. 
B36 Orbits of electrons are not exactly determined. 
B20 Models do not represent the 'true picture' of atoms. 
B40 Models can be used to predict phenomena, structures or processes that have not 
previously been observed. 
B21 NobodN knows the position accuratel of an electron in orbit around the nucleus 
because it is very small and moves sere fast. 
Two 625 Plectrons move around the nucleus in definite orbits with high velocity 
B31 During the emission oftight from atoms the electrons follow a definite path as they 
trove from one energy level to another 
Rol The structure of the atom is similar to the way planets orbit the sun. 
B23 Since electrons are identical it is not possible to distinguish between them. 
B311 Ifa container has a few gas molecules in it and we know their instantaneous 
positions and velocities then we can use Newtonian mechanics to predict exactly 
how they will behave as time goes by. 
B07 l'he electron is always a particle. 
B16 Electrons move along wave orbits around the nucleus. 
B33 Individual electrons are tired towards a very narrow slit. On the other side is a 
photographic plate What happens is that the electrons strike the plate one by one 
and gradually build up a diffraction ahem. 
B06 Coulomb's law, electromagnetism and Newtonian mechanics cannot explain why 
atoms are stable. 
1319 Electrons consist of snxared charge clouds which surround the nucleus. 
B05 Models are constructions of the human mind 
B04 The atom is stable due to a'balance' between an attractive electric force and the 
movement ofthe electron. 
BIS The photon is a 'lump' of energy that is transferred to or from the elect romat_metic 
field. 
B26 When a beam of electrons produces a diffraction pattern it is because the electrons 
themselves are undergoing constructive and destructive interference. 
B27 Electrons move randomly around the nucleus within a certain region or at a certain 
distance. 
B11 A model is a scaled up or down version of something real, with a one to one 
correspondence between the model and the real thing it represents (e. g. the solar 
system or an atom) 
B14 When an electron'lumps' tiom a high orbital to a lower orbital, emitting a photon, 
the electron is not arn%here in between the two orbits. 
Three R22 It is possible for a single photon to constructively and destructively interfere with 
itself 
B32 All models are mental images (existing only in the human mind). 
B08 An atom cannot be visualised. 
B10 In passing through a gap electrons continue to move along straight line paths 
B39 The photon is a small, spherical entity. 
B03 The energy of an atom can have ans' value. 
B24 A model always provides a complete description of the object, structure or process 
in nature that it models 
B35 Electrons are fixed in their shells. 
B13 Electrons are waves 
B02 It is possible to have a visual 'image' of an electron. 
B09 Ii ght always behaves as a wave 
Table 5.2.11 Statements listed by Cluster, using Ward's method, for the pre- 
university group IN=3501. 
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Figure 5.2.5 Dendrogram for the pre-university group following Cluster 
Analysis, using Ward's method [N=3501 
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Interpretation of clusters 
The Clusters for the pre-university group, see Table 5.2.11 and Figure 5.2.5, can be 
interpreted and labelled as follows: 
Cluster 1 is labelled Quantum Thinking / Descriptive Models. Examples of quantum 
thinking can be drawn from statements B15 [How one thinks of the nature of light 
depends on the experiment being carried out] and B28 [Whether one labels an 
electron a `particle' or `wave' depends on the particular experiment being carried out]. 
The descriptive nature of models can be seen in statements B34 [Models are of a 
temporary nature. With the increase of knowledge a model may become obsolete or 
useless and either adapted or replaced by another model] and B38 [Models are aids in 
communication (e. g. in teaching)]. 
Cluster 2 is labelled Conflicting Thinking/Conflicting Models. Conflict of thinking is 
seen in B25 [Electrons move around the nucleus in definite orbits with a high 
velocity] and B27 [Electrons move randomly around the nucleus within a certain 
region or at a certain distance]: B06 [Coulomb's law, electromagnetism and 
Newtonian mechanics cannot explain why atoms are stable] and B04 [The atom is 
stable due to a 'balance' between an attractive electric force and the movement of the 
electron]. Conflicting concepts of models are shown in B11 [A model is a scaled up or 
down version of something real, with a one to one correspondence between the model 
and the real thing it represents (e. g. the solar system or an atom)] and B05 [Models 
are constructions of the human mind)]. 
Cluster 3 is labelled Problems with Duality / Conflicting Models. The problem with 
'duality' ideas can be seen in B22 [It is possible for a single photon to constructively 
and destructively interfere with itself] and B39 [The photon is a small spherical 
entity]: B35 [Electrons are fixed in their shells] and B13 [Electrons are waves]. The 
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evidence of model conflict is to be found in B24 [A model always provides a 
complete description of the object, structure or process in nature that it models] and 
B32 [All models are mental images (existing only in the human mind)]. 
The Clusters found in this phase of the study, for the pre-university group, can be 
compared to those found in the Pilot Study for the undergraduate group. 
Pilot Study (undergraduate) Main Study (pre-university) 
Cluster 1: Quantum Thinking/ 
Descriptive Models 
Cluster l: Quantum Thinking/ 
Descriptive Models 
Cluster 2: Conflicting Thinking / 
Conflicting Models 
Cluster 2: Conflicting Thinking / 
Conflicting Models 
Cluster 3: Mechanistic Thinking / 
Complete Models 
Cluster 3: Problems with Duality/ 
Conflicting Models 
Table 5.2.12 Pilot Clusters for the undergraduate group and Main Clusters for 
the pre-university group. 
The similarity between the two sets of clusters is explained by the fact that the pre- 
university pilot group were at the start of their studies into `quantum phenomena' 
whilst in the main study approximately 50% had studied `quantum phenomena'. The 
greatest area of concern is seen to be the 'duality' problem. 
Mutual support for the Clusters and Factors can, to some extent, be seen. Those items 
loading onto Factor two, the nature of models, all appear in Cluster one, Quantum 
thinking - descriptive models. Those items loading onto Factor one wave - particle 
duality pre-dominately appear in Cluster two, conflicting thinking - conflicting 
models. 
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Cluster Analysis - undergraduate group 
The data set for the undergraduate group was clustered, using Ward's method, in two 
halves in order to look for robustness of the clusters and provide a measure of stability 
validation as outlined on page 149. 
The two halves were randomly selected with the constraint that each half was matched 
for year and gender. In the undergraduate data set 157 students are in year one and 
181 in year two, 74 are female and 264 are male. 
In the two halves: 
Set one; 79 year one, 90 year two, 37 female and 132 male 
Set two; 78 year one, 91 year two, 37 female and 132 male. 
The two clusters generated can be seen in figures 5.2.6 and 5.2.7. The similarities in 
the clusters offers support for the reality of the clusters and the full clusters generated 
from the full data set are set out in table 5.2.13 and figure 5.2.8. 
It can be seen in figure 5.2.8 that a small `clusterette', (B19, B36, B06, B23 and B22), 
Has moved from cluster two in figures 5.2.6 and 5.2.7 to cluster one in figure 5.2.8 
and table 5.2.13. However this does not effect the naming of the clusters. 
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Figure 5.2.6 Clusters, using Ward's method, from the first `split half' of the 
undergraduate group 
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Figure 5.2.7 Clusters, using Ward's method, from the second 'split half' of the 
undergraduate group 
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Item number Statemeet 
One 1115 How one thinks ofthe nature of li "t depends on the experiment being earned out 
1128 Whether one labels an electron a 'particle' or'wave' depends on the particular 
es nment being carried out 
B34 Models are of a temporary nature With the increase of knowledge a model may 
become obsolete or useless and either adapted or replaced by another model 
B14 When an electron jumps' from a high orbital to a lower orbital, emitting a photon, 
the electron is not anywhere in between the two orbits. 
B12 The photon is a son of'ener particle' 
B37 A model is tonnulated using facts obtained by experiment and/or observation. 
B38 Models are aids to communication (e g in teaching) 
B17 A model depicts or describes a theory. 
B40 Models can be used to predict phenomena, structures or processes that have not 
reviousIN been observed 
B29 Models are visual representations of the abstract and tutscen 
B33 Individual electrons are tired towards a very narrow slit On the other side is a 
photographic plate What happens is that the electrons strike the plate one by one 
and adualIN build a diffraction pattern. 
609 Models are constructions of the human mind. 
B21) Models do new represent the true picture'ofatonLs 
B16 I lectrons move along wave orbits around the nucleus. 
BIS Ihe photon is a'lump' ofenergy that is transferred to or from the electromagnetic 
field 
B26 When a beam of electrons produces a diffraction pattern it is because the electrons 
themselves are undergoing constructive and destructive interference. 
B19 Electrons consist of smeared charge clouds which surround the nucleus 
1336 Orbits of electrons are not exactly determined. 
13(16 Coulomb's law, electromagnetism and Newtonian mechanics cannot explain why 
atoms are stable 
B23 Since electrons are identical it is not po)ssible to distinguish between them. 
B22 It is possible for a single photon to Constructively and destructively interfere with 
It seit 
Two 1301 fhe structure of the atom is similar tu the way planets orbit the sun 
B04 the atom is stable due to a'balance' between an attractive electric fitrce and the 
movement of the electron. 
B21 Nobody knows the position accurately of an electron in orbit around the nucleus 
because it is very small and moves ven fast. 
B25 Electrons move around the nucleus in definite orbits with high velocity. 
B27 Electrons move randomly around the nucleus within a certain region or at a certain 
distance. 
B31 During the emission of light from atoms the electrons follow a definite path as they 
move from orte energ level to another 
613 Electrons are waves. 
B32 All models are mental images (existing only in the human mind). 
B112 It is possible to have a visual 'image' of an electron. 
B111 A model is a scaled tip or down version of something real, with a one to one 
correspondence between the model and the real thing it represents (e. g. the solar 
system or an atom). 
B30 If a container has a few gas molecules in it and we know their instantaneous 
positions and velocities then we can use Newtonian mechanics to predict exactly 
host they will behave as time goes by 
Three B03 I he energy of an atom can have any value 
B07 The electron is always a particle. 
B09 Light always behaves as a wave. 
B10 In passing through a gap electrons continue to move along straight line paths. 
B24 A model always provides a complete description ofthe object, structure or process 
in nature that it models 
B39 The photon is a small, spherical entity, 
B35 Electrons are fixed in their shells. 
BOR An atom cameo be sisualiscd 
Table 5.2.13 Statements listed by Cluster, using Ward's method, for the 
undergraduate group IN=3381. 
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Figure 5.2.8 Dendrogram for the undergraduate group following Cluster 
Analysis, using Ward's method[N=3381 
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Interpretation of clusters 
The Clusters for the undergraduate group, see Table 5.2.13 and Figure 5.2.8, can be 
interpreted and labelled as follows: 
Cluster 1 is labelled Quantum Thinking /Descriptive Models. Examples of quantum 
thinking can be drawn from statements B26 [When a beam of electrons produces a 
diffraction pattern it is because the electrons themselves are undergoing constructive 
and destructive interference] and B28 [Whether one labels an electron a `particle' or 
`wave' depends on the particular experiment being carried out]. The descriptive 
nature of models can be seen in statements B34 [Models are of a temporary nature. 
With the increase of knowledge a model may become obsolete or useless and either 
adapted or replaced by another model] and B38 [Models are aids in communication 
(e. g. in teaching)]. 
Cluster 2 is labelled Conflicting Thinking/ Conflicting Models. Conflict of thinking is 
seen in B25 [Electrons move around the nucleus in definite orbits with a high 
velocity], B27 [Electrons move randomly around the nucleus within a certain region 
or at a certain distance] and B21 [Nobody knows the position accurately of an 
electron in orbit around the nucleus because it is very small and moves very fast]. 
Conflicting concepts of models are shown in B 11 [A model is a scaled up or down 
version of something real, with a one to one correspondence between the model and 
the real thing it represents (e. g. the solar system or an atom)] and B32 [All models are 
mental images (existing only in the human mind)]. 
Cluster 3 is labelled Mechanistic Thinking/ Complete Models. The mechanistic 
thinking is typified by, for example, B35 [Electrons are fixed in their shells] and B07 
[The electron is always a particle]. Whilst item B24 [A model always provides a 
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complete description of the object, structure or process that it models] refers to a 
model providing a complete description. 
It can readily be seen that these Clusters are very similar to those for the 
undergraduate group in the Pilot study. This is taken to be further grounds to support 
Validity and Reliability within the undergraduate group. 
As with the pre-university group some mutual support between the Factors and the 
Clusters can be seen. Those items loading onto Factor two, the nature of models, 
predominately appear in Cluster one, quantum thinking / descriptive models, as do all 
except one item loading onto Factor four, `Explaining' the atom. Those items loading 
onto Factor three, mechanistic - random nature of `entities' predominately appear in 
Cluster two, conflicting thinking - conflicting models. Those items which load onto 
Factor one, wave - particle duality, and address `experimentation' [B 15, B28] appear 
in Cluster one whilst those which address `duality' [B03, B07, B09, B10] appear in 
Cluster three, mechanistic thinking - complete models. 
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Multidimensional Scaling - pre-university group 
Number of Dimensions Stress Interpretation 
(see page 155) 
6-- 0.06704 (0.067) Fair 
5 0.08081 (0.081) Fair 
4 0.09718 (0.097) Fair 
3 0.12191 (0.122) Fair 
2 0.16360 (0.164) Fair 
1 0.27822 (0.280) Poor 
Table 5.2.14 Stress value following Multidimensional Scaling for the pre- 
university group (N=3501 
0.3 
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0.2 
y 0.15 
aNi 
0.1 
0.05 
0 
1 
Figure 5.2.9 Plot of stress value against the number of dimensions for the pre- 
university group JN=3501 
Table 5.2.14 suggests a three dimensional solution, i. e. the stress value is less than 
0.150, see page 155, whilst figure 5.2.9 would suggest a two dimensional solution. 
Figure 5.2.10 presents a two dimensional solution in which the Clusters generated in 
Cluster Analysis to be almost completely visualised. A three dimensional 
representation is presented in figures 5.2.11,5.2.12 and 5.2.13. 
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Figure 5.2.10 Items for the pre-university group mapped onto a 2D 
epistemological space [N=350] 
In the following figures, 5.2.11,5.2.12 and 5.2.13 dimensions one and two are not 
directly comparable with dimensions one and two in the above figure 5.2.6. 
Multidimensional Scaling will label the dimensions in order of the amount of stress 
reduction. Therefore some similarity between dimensions one and two in both the two 
and three dimensional models is to be expected. This can be seen by comparing 
figures 5.2.10 and 5.2.11. The orientation of the items within each cluster is not of 
significance since Multidimensional Scaling constructs a `map' but does not concern 
itself with `East and West' or `North and South'. 
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and three of a 3D epistemological space [N=3501 
Interpretation of the dimensions 
With reference to figures 5.2.11 and 5.2.13 the dimensions for the pre-university 
group can be interpreted and labelled as follows. 
Dimension 1 is labelled; 
Definite thinking Indefinite thinking. 
At one extreme of dimension 1 we have statements B17 [A model depicts or describes 
a theory], B21 [ Nobody knows the position accurately of an electron in orbit around 
the nucleus because it is very small and moves very fast], B38 [Models are aids to 
communication (e. g. in teaching)] and B34 [Models are temporary in nature. With the 
increase of knowledge a model may become obsolete or useless and either adapted or 
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replaced by another model]. At the other extreme one finds statements such as B35 
[Electrons are fixed in their shells], B10 [In passing through a gap electrons continue 
to move along straight line paths] and B24 [A model always gives a complete 
description of the object , structure or process in nature that it models]. 
Dimension 2 is labelled; 
Mechanistic Image of `entities' -4-. Confused Image of `entities 
At one extreme we find B07 [The electron is always a particle], B09 [light always 
behaves as a wave] and B25 [ Electrons move around the nucleus in definite orbits 
with high velocity]. Whilst the other extreme gives B08 [An atom cannot be 
visualised], B13 [Electrons are waves] and B32 [All models are mental images 
(existing only in the human mind)]. 
Dimension 3 is labelled; 
Dimension three does not meet the criteria, as outlined on page 157, of allowing a 
`name' to be put to the dimension. 
The fmal criterion for the number of dimensions is 
interpretability. While considerable effort and intution may be 
necessary to interpret a dimension, dimensions that cannot be 
interpreted probably do not exist. 
(Schiffman, et al, 1981) 
At one extreme we find 02 [It is possible to to have a visual `image' of an electron], 
B23 [Since electrons are identical it is not possible to distinguish between them] and 
B27 [Electrons move randomly around the nucleus within a certain region or at a 
certain distance]. Whilst at the other extreme we find 03 [The energy of an atom can 
have any value], B09 [ light always behaves as a wave] and B14 [ When an electron 
`jumps' from a high orbital to a lower orbital, emitting a photon, the electron is not 
anywhere in between the two orbits]. 
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With the above findings the two dimensional representation is considered the `best 
buy'. It should be recalled from page 155 that it is not until the stress value is 0.200 or 
above that the goodness of fit is considered poor. Table 5.2.14 (page 200) shows the 
stress value for the two dimensional solution to be 0.164 which is considered to be 
fair. 
Taking a two dimensional solution the Clusters generated in Cluster Analysis can be 
seen better if those items dealing with `quantum phenomena' are separated from those 
dealing with `models'. This is shown in the following figures, 5.2.14 and 5.2.15. 
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Multidimensional Scaling - Undergraduate group 
Number of Dimensions Stress Interpretation 
(see page 155) 
6 0.05495 (0.055) Fair 
5 0.06439 (0.064) Fair 
4 0.07313 (0.073) Fair 
3 0.08370 (0.084) Fair 
2 0.09842 (0.098) Fair 
1 0.19259 (0.193) Fair 
Table 5.2.15 Stress value following Multidimensional Scaling for the 
undergraduate group IN=3381 
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Figure 5.2.16 Plot of stress value against the number of dimensions for the 
undergraduate group IN=338 
Both table 5.2.15 and figure 5.2.16 suggest a two dimensional solution which is 
shown in figure 5.2.17 
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Figure 5.2.17 Items mapped onto a 2D epistemological space for the 
undergraduate group [N=3381 
Interpretation of the dimensions 
The dimensions for the undergraduate group, see Figure 5.2.18 can be interpreted and 
labelled as follows. 
Dimension 1 is labelled; 
Absolute thinking 4---º Dual thinking 
The `Absolute' end of the spectrum is typified by B09 [Light is always a wave], B07 
[The electron is always a particle] and B03 [The energy of an atom can have any 
value]. The `Dual' end is typified by B28 [Whether one labels an electron a `particle' 
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or `wave' depends on the particular experiment being carried out] and B15 [How one 
thinks of the nature of light depends on the experiment being carried out]. 
Dimension 2 is labelled; 
Simple Image 4--op. Complex Image 
The `Simple Image' end of this spectrum is exemplified by B25 [Electrons move 
around the nucleus in definite orbits with high velocity] and B30 [If a container has a 
few gas molecules in it and we know their instantaneous positions and veloicities then 
we can use Newtonian mechanics to predict exactly how they will behave as time 
goes by]. The `Complex Image' end can be exemplified by B22 [It is possible for a 
single photon to constructively and destructively interfere with itself], B08 [An atom 
cannot be visualised] and B06 [Coulomb's law, electromagnetism and Newtonian 
mechanics cannot explain why atoms are stable]. 
These findings are not unique to the UK, since recent work in the United States, using 
a different methodology, also reported similar misconceptions. 
For example: 
Mistaken belief that two or more photons are required for 
diffraction or intereference minima to occur. 
Extension of incorrect ideas about photons to electrons. 
(Ambrose et al, 1999) 
The Clusters can again be better seen by seperating out `models' and `quantum 
phenomena' 
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Year and Gender Differences - pre-university group 
Year one versus year two 
Significance Item Statement Chi-square 
level number value 
0.01 
B05 Models are constructions of the human 9.036 
mind 
ß08 An atom cannot be visualised 26.288 
1309 Light always behaves as a wave 12.483 
1310 In passing through a gap electrons 6.756 
continue to move along straight line paths 
B14 When an electron 'jumps' from a high 9.845 
orbital to a lower orbital, emitting a 
photon, the electron is not anywhere in 
between the two 
B22 It is possible for a single photon to 16.997 
constructively and destructively interfere 
with itself 
B23 Since electrons are identical it is not 13.248 
possible to distinguish between them 
ß25 Electrons move around the nucleus in 11.016 
definite orbits with high velocity 
0.05 
ß 13 Electrons are waves 5.439 
B21 Nobody knows the position accurately of 6.270 
an electron in orbit around the nucleus 
because it is very small and moves very 
fast 
ß37 A model is formulated using facts 5.353 
obtained by experiment and/or 
observation 
1339 "l'hc photon is a small spherical entity 4.860 
0.10 
1312 The photon is a sort of'energy particle' 3.662 
Table 5.2.16 Items showing significant difference in response between year one 
and year two in the pre-university group (year 1 N=190, year 2 N=1601 
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Female versus male 
Significance 
level 
Item 
number 
Statement Chi-square 
value 
0.01 - --- ----- 
1102 lt is possible to have a visual 'image' of 
an electron 
6.729 
0.05 
1301 The structure of the atom is similar to the 
way planets orbit the sun 
4.552 
B05 Models are constructs of the human mind 5.250 
B39 The photon is a small spherical entity 4.186 
0.10 
B09 Light always behaves as a wave 2.917 
B13 Electrons are waves 3.852 
B34 Models are of a temporary nature. With 
the increase of knowledge a model may 
become obsolete or useless and either 
adapted or replaced by another model 
3.300 
Table 5.2.17 Items showing significant difference in response between female and 
male students in the pre-university group (female N=69, male N=2811 
The differences between year one and year two, i. e. those who have and have not 
studied 'quantum phenomena' can in part be linked to the syllabus content. Of those 
items addressing the students' conception of models only items B05 [at the 0.01 level] 
and B37 [at the 0.05 level] show any significant difference. Since the nature of 
models is not covered in the GCE A-level syllabus little or no difference was 
expected. However the following items, addressing students' conception of quantum 
phenomena, can be matched to the GCE A-level syllabus content, see Table 5.2.18. 
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Significance Statement Syllabus content 
level 
(1111 I0)') ki. iI Mit vvavC l I he hl1UtOCI000ric 
effect 
B10 [In passing through a gap electrons Wave-particle 
continue to move along straight line duality 
paths 
B 14 [ When an electron 'jumps' from a Energy levels, 
high orbital to a lower orbital, emitting photon emission 
a photon, the electron is not anywhere 
in between the two orbits 
B25 [Electrons move around the Energy levels, 
nucleus in definite orbits with high photon emission 
velocity] 
0.05 1313 [Electrons are waves] Wave-particle 
duality 
B39 [The photon is a small spherical Photon emission 
entity] 
Table 5.2.18 Matching items showing significant difference between year one and 
year two, in the pre-university group, to the syllabus content 
Those items showing a significant difference, which cannot be matched to the 
syllabus content, may in some cases be explained by examining the other A-level 
subjects studied by the group. For example, if a majority studied GCE A-level 
chemistry, items B19 [Electrons consist of smeared charge clouds which surround the 
nucleus] and B23 [Since electrons are identical it is not possible to distinguish 
between them] deal with material likely to be covered under the umbrella of'atomic 
structure'. 
Items showing significant difference between female and male students were 
expected, see pages 83 to 85. The literature review suggests a major difference in 
conceptualisation based on gender due to "differences of the lateralization of the 
function of the brain". However at the simple level of the numbers involved it is 
worth recalling that the ratio of female to male students was 1: 4 [69: 281 ] and this may 
have exaggerated or indeed masked differences. Since both female and male students 
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have been successful at GCSE level (either in Science or Physics) to study A-level 
and at A-level to study at undergraduate level one would expect the numbers to have 
little effect. However given the relatively small number of female physics students 
one could argue that they a self selecting group of relatively high achievers. 
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Year and Gender Differences - undergraduate group 
Year one versus year two 
Significance Item number Statement Chi-square 
level value 
---- 0.01 
- BO1 The structure of the atom is similar to the way 13.282 
planets orbit the sun. 
B07 The electron is always a particle 28.848 
B16 Electrons move along wave orbits around the 16.467 
nucleus 
B28 Whether one labels an electron a'particle' or a 12.617 
'wave' depends on the particular experiment 
being carried out 
B29 Models are visual representations of the 8.055 
abstract and unseen 
B30 If a container has a few gas molecules in it and 8.751 
we know their instantaneous positions and 
velocities then we can use Newtonian 
mechanics to predict exactly how they will 
behave as time goes by 
B40 Models can be used to predict phenomena, 10.639 
structures or processes that have not previously 
been observed 
0.05 
B15 Clow one thinks of the nature oflight depends 6.260 
on the experiment being carried out 
B24 A model always provides a complete 5.921 
description of the object, structure or process in 
nature that it models. 
B26 When a beam of electrons produces a 5.153 
diffraction pattern it is because the electrons 
themselves are undergoing constructive and 
destructive interference 
0.10 
B02 It is possible to have a visual 'image' of an 3.159 
electron 
B14 When an electron' jumps' from a high orbital to 2.972 
a lower orbital, emitting a photon, the electron 
is not anywhere in between the two orbits 
B21 Nobody knows the position accurately of an 3.408 
electron in orbit around the nucleus because it 
is very small and moves very fast 
B22 lt is possible for a single photon to 3.457 
constructively and destructively interfere with 
itself 
B23 Since electrons are identical it is not possible to 3.005 
distinguish between them 
Table 5.2.19 Items showing significant difference in response between year one 
and year two in the undergraduate group (year I N=157, year 2 N=1811 
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Female versus male 
Significance Item Statement Chi-square 
level number 
-- -- ---- 
value 
0.01 ----- 
1333 Individual electrons are fired towards a 9.130 
very narrow slit. On the other side is a 
photographic plate. What happens is that 
the electrons strike the plate one by one 
and gradually build up a diffraction 
pattern 
B40 Models can be used to predict 7.454 
phenomena, structures or processes that 
have not previously been observed 
0.05 
B05 Models are constructs of the human mind 4.422 
B13 Electrons are waves 4.517 
B14 When an electron' jumps' from a high 4.249 
orbital to a lower orbital, emitting a 
photon, the electron is not anywhere in 
between the two orbits 
B20 Models do not represent the 'true picture' 6.244 
of atoms 
B23 Since electrons are identical it is not 6.121 
possible to distinguish between them 
B25 Electrons move around the nucleus in 4.686 
definite orbits with high velocity 
B39 The photon is a small spherical entity 6.091 
0.10 
B09 Light always behaves as a wave 2.742 
B16 Electrons move along wave orbits around 3.412 
the nucleus 
B34 Models are of a temporary nature. With 3.769 
the increase of knowledge a model may 
become obsolete or useless and either 
ada ted or replaced by another model 
Table 5.2.20 Items showing significant difference in response between female and 
male students in the undergraduate group (female N=74, male N=2641 
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Since the second year undergraduates have studied quantum mechanics and possibly 
'atomic structure' it was anticipated that some minor differences in response would be 
found which could be explained in this way. However, those items listed in table 
5.2.19 were not all expected. Given that much of the material of the items is covered 
at GCE A-level and that undergraduate physics students have been successful at this 
level some other factor(s) appear to be at work. This is addressed in main question 
three and chapter 6, see page 240. 
Atomic structure Duality 
} 
1301 II he structure o! the atom is B07 [The electron is always a particle] 
similar to the way planets orbit the sun] 
B16 [Electrons move along wave orbits B28 [Whether one labels an electron a 
around the nucleus] 'particle' or 'wave' depends on the 
particular experiment being carried out] 
B 14 [When an electron 'jumps' from a B 15 [How one thinks of the nature of 
high orbital to a lower orbital, emitting light depends on the experiment being 
a photon, the electron is not any%i'here carried out] 
in between the two orbits 
B21 [Nobody knows the position B26 [When a beam of electrons 
accurately of an electron in orbit around produces a diffraction pattern it is 
the nucleus because it is very small and because the electrons themselves are 
moves very fast I undergoing constructive and destructive 
interference] 
B23 [Since electrons are identical it is B22 [It is possible for a single photon to 
not possible to distinguish between constructively and destructively 
them] interfere with itself 
Table 5.2.21 Items showing a significant difference in response between year one 
and year two students, in the undergraduate group, which can be placed in the 
'atomic structure' or 'duality' category. 
The difference in response between female and male students in the undergraduate 
group, like in the pre-university group, lends itself to an explanation based on 
"lateralization" but given that the female undergraduates have been as successful at 
A-level as their male peers one would expect fewer significant differences. Again the 
weighting. in terms of numbers, [74: 264], appears to offer little in terms of 
explanation. 
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Differences between the pre-university and undergraduate groups 
Significance Item number Statement Chi-square 
level value 
0.01 
- -- ß03 - -- -- I he ener g ot'an atom can hale am value 100.692 
BUS Models are constructions of the human mind 18.722 
B06 Coulomb's law, electromagnetism and Newtonian mechanics 25.758 
cannot explain why atoms are stable 
B07 the electron is alwa ys a particle 73.332 
B09 Li t always behaves as a wave 101.784 
BIO In passing through a gap electrons continue to move along 26.505 
straight line paths 
B 13 l'aectrons are waves 22.646 
B14 When an electron jumps' from a high orbital to a lower orbital, 30.622 
emitting a photon. the electron is not anywhere in between the 
two orbits 
BI5 flow one thinks of'the nature of light depends on the 80.000 
experiment being carried out 
B18 The photon is a 'lump' of energy that is transferred to or from 7.608 
the electromagnetic field 
B19 Electrons consist of smeared charge clouds which surround the 29.409 
nucleus 
B25 Electrons move around the nucleus in definite orbits with high 7.844 
velocity 
B26 When a tram ot'electrons produces a diffraction pattern it is 9.932 
because the electrons themselves are undergoing constructive 
and destructive interference 
B28 Whether one labels an electron a'particle' or 'wave' depends on 46.075 
the particular experiment being carried out 
B31 luring the emission of light from atoms the electrons tbllow a 17.530 
definite " th as they move from one energy level to another 
B33 Individual electrons are tired towards a very narrow slit. On the 22.858 
other side is a photographic plate. What happens is that the 
electrons strike the plate one by one and gradually build up a 
difliaction pattern 
B39 The photon is a small, spherical entity 27.830 
B40 Models can he used to predict phenomena. structures or 20.025 
processes that have not previously been observed 
0.05 
B08_ An atom cannot he visualised 4.616 
BII A model is a scaled up or down version of something real, with 4.899 
a one to one correspondence between the model and the real 
thing it represents (e. g. the solar svstcm or an atom) 
B 16 l. lectrons move along wave orbits around the nucleus 4.948 
B17 A model depicts or describes a theory 4.443 
B38 Models are aids to communication (e. g. in teaching) 6.206 
0.10 
B32 All models are mental images (existing only in the human 3.179 
mind) 
Table 5.2.22 Items showing significant difference in response between the pre- 
university and undergraduate groups (pre-university N=350, undergraduate 
N=3381 
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As discussed earlier undergraduate students have been successful at GCE A-level, and 
therefore developed some competence in quantum phenomena, it was expected that 
differences in this area would be found. Very large Chi-square values were found for 
items which rely on this understanding. 
Item Chi-s uare 
B25 I Electrons move around the nucleus in definite 7.844 
orbits with a high velocity] 
B26 [When a beam of electrons produces a diffraction 9.932 
pattern it is because the electrons themselves are 
undergoing constructive and destructive interference] 
B06 [Coulomb's law, electromagnetism and Newtonian 25.758 
mechanics cannot explain why atoms are stable] 
BIO [In passing through a gap electrons continue to move 26.505 
along straight line paths] 
B28 [Whether one labels an electron a'particle' or 'wave' 46.075 
depends on the particular experiment being carried out] 
B07 [The electron is always a particle] 73.332 
B 15 [How one thinks of the nature of light depends on 80.000 
the experiment being carried out] 
B09 [Light always behaves as a wave] 101.784 
Table 5.2.23 'Expected' differences between the pre-university and 
undergraduate groups. 
However whilst the 'success at A-level' argument can explain some differences 
between the two groups further work is needed on the concept of'transfer to higher 
education'. 
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5.3 Main Question Three 
Factor Analysis 
KMO measure of sampling adequacy 0.497 (0.50) which is considered to be 
`miserable', see page 141. However the data presented here are subjected to further 
analysis, which provides some justification for continuing in the use of the data.. 
The scree plot suggests that 3 factors should be rotated. 
6 
m 
cn 
CD 
ý4 
C 
fD 
Factor 
Figure 5.3.1 Scree plot for the undergraduate 'factors' group [ N=1801 suggesting 
3 factors should be rotated 
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1 2 3 
BO1 <0.100 <0.100 
B02 <0.100 -0.200 <0.100 
B03 -0.330 <0.100 -0.286 
B04 <0.100 <0.100 -0.235 
B05 0.3l) <0.100 0.202 
B06 0.484 <0.100 0.312 
B07 -0.553 -0.121 <0.100 
B08 -0.414 <0.100 0.242 
B09 -0.412 -0.263 <0.100 
B10 -0.315 0.165 <0.100 
Bll -0.333 0.213 <0.100 
B12 0.275 <0.100 
B13 -0.342 0.102 <0.100 
B14 <0.100 <0.100 0.250 
B15 0.230 <0.100 
B16 <0.100 0.219 0.106 
B17 l1.34ß <0.100 
B18 18 <0.100 0.491 <0.100 
B 19 <0.100 0.553 -0.101 
B20 0.319 0.141 
B21 -0.393 <0.100 <0.100 
B22 <0.100 <0.100 
B23 <0.100 <0.100 0.197 
B24 -0.367 -0.184 
B25 -0.239 -11.311º -0.151 
B26 -0.211 0.668 0.226 
B27 <0.100 0.485 <0.100 
B28 0.171 0.105 <0.100 
B29 0.312 
-IN B30 -0. l -8 -0.142 
B31 -0.470 <0.100 
<0.100 
0.318 
-0.242 
B32 u. 10u <0.100 0.385 
B33 0.283 -0.118 <0.100 
B34 0.453 0.450 <0.100 
B35 <0.100 0.140 
B36 0.309 0.286 <0.100 
B37 0.361 -0.132 
B38 0.34o 0.343 <0.100 
B39 -0.656 <0.100 <0.100 
B40 0.646 0.311 0.154 
C01 0.345 <0.100 0.237 
C02 -0.171 0.273 0.146 
C03 <0.100 0.127 
C04 <0.100 -0.224 0.599 
C05 <0.100 -0.118 0.633 
C06 <0.100 0.176 0.581 10 
C07 <0.100 -1º. 1 ýý 
C08 <0.100 -0.201 0.474 
C09 <0.100 <0.100 0.724 
CIO 0.347 0.167 0.444 
Table 5.3.1 Rotated (varimax) factor loadings for the undergraduate 'factors' 
group [N=1801. 
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m m " 
12 3 
BO1 -0.144 <0.100 
B02 <0.100 <0.100 <0.100 
B03 -0.335 -0.276 <0.100 
B04 <0.100 -0.197 0.146 
B05 -11.3: 1 0.176 <0.100 
606 0.514 0.278 <0.100 
B07 -0.567 <0.100 -0.121 
B08 -0.359 0.244 <0.100 
B09 <0.100 -0.336 
B 10 -0.368 <0.100 <0.100 
B 11 -0.350 <0.100 0.321 
B 12 0.323 <0.100 
B 13 3 -0.316 <0.100 <0.100 
B14 <0.100 0.272 0.142 
B15 0.287 <0.100 0.644 
B16 <0.100 0.148 0.406 
B17 <0.100 0.342 
B 18 0.128 -0.102 
B 19 <0.100 -0.115 
B20 0.108 0.276 
B21 -0.386 <0.100 0.114 
B22 <0.100 0.190 
B23 <0.100 0.224 0.180 
B24 -0.148 -0.366 
B25 -0.357 <0.100 -0.137 
B26 <0.100 0.225 
B27 0.109 <0.100 0.295 
B28 0.134 <0.100 0.227 
B29 0.390 <0.100 0.393 
B30 -0.187 0.331 -0.124 
B31 -0.200 <0.100 
B32 <0.100 0.369 -0.140 
B33 0.326 <0.100 <0.100 
B34 0.497 <0.100 0.501 
B35 0.142 -0.106 
B36 0.357 <0.100 0.257 
B37 -0.161 0.345 
B38 1). 3;, 3 <0.100 
B39 -0.625 <0.100 <0.100 
B40 0.691 0.122 0.319 
CO1 0.342 0.229 <0.100 
C02 -0.105 0.138 0.212 
C03 0.128 0.154 
C04 <0.100 0.595 -0.229 
C05 0.106 0.632 -0.102 
C06 <0.100 0.574 0.159 
C07 <0.100 -0.1(, 2 
C08 -0.107 0.499 -0.106 
C09 <0.100 0.725 <0.100 
C 10 0.372 0.437 0.220 
Table 5.3.2 Rotated (oblimin) factor loadings for the undergraduate 'factors' 
group [N=1801. 
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Ideally Factor Analysis should generate a matrix in which each item `loads' onto only 
one rotated factor but. in reality, this is rarely the case. Taking a loading of ± 0.400 as 
a cut off point those items, highlighted in table 5.3.1, which load onto only one factor 
following varimax rotation can be grouped as given in table 5.3.3. Those items, 
highlighted in table 5.3.2, which load onto only one factor following oblimin rotation 
can be grouped as given in table 5.3.4. 
Factor 
V1 V2 V3 
B06 1312 BO1 
B07 B15 B22 
B08 B18 C04 
B09 B19 C05 
B17 B26 C06 
B20 B27 C08 
B24 B29 C09 
B31 C07 CIO 
B35 
B37 
B39 
B40 
C03 
Table 5.3.3 Items loading onto one and only one factor (Varimax Rotation) with 
a loading of greater than ± 0.400 for the undergraduate 'factors' group IN=180 . 
Factor 
01 02 --- 03 
B06 BO1 1312 
B07 B22 B15 
B09 C04 B16 
B17 C05 B18 
B20 C06 B19 
B24 C08 B26 
B31 C09 B38 
B35 C10 C07 
B37 
B39 
B40 
C03 
Table 5.3.4 Items loading onto one and only one factor (Oblimin Rotation) with a 
loading of greater than ± 0.400 for the undergraduate 'factors' group IN=1801. 
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The similarity between VI and 01, V2 and 03 and V3 and 02 clearly demonstrates 
the robustness of the three factors. Whilst the sampling adequacy is considered 
`miserable' it is argued that since they are robust under two rotations and meaning can 
be given to them then they can be considered to be `real'. 
Taking those items which are common to the two rotations three factors are produced 
as follows. 
Factor 
2__ 3 
(VI and 01) (V2 and 03) (V3 and 02) 
B06 B12 BO I 
B07 B15 B22 
B09 B18 C04 
B17 B19 C05 
B20 B26 C06 
B24 C07 C08 
B31 C09 
B35 CIO 
B37 
B39 
B40 
C03 
Table 5.3.5 Items which are robust under the two rotations for the 
undergraduate 'factors' group JN=1801. 
Factor I is labelled Enthusiastic Amateurism. This is reflected in B07 [The electron is 
always a particle], B09 [Light always behaves as a wave], B35 [Electrons are fixed in 
their shells], B37 [A model is formulated using facts obtained by experiment and/or 
observation], B40 [Models can be used to predict phenomena, structures or processes 
that have not previously been observed. ] and C03 [I was taught physics at A-level by 
a teacher who was enthusiastic about the subject]. The items loading onto this factor 
point to an appreciation of the idea of a model - 'enthusiasm' - but a mechanistic 
world view -'amateur'. 
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Factor 2 is labelled Practical problem solving. This is emphasised by B15 [How one 
thinks of the nature of light depends on the experiment being carried out], B19 
[Electrons consist of smeared charge clouds which surround the nucleus] and C07 [I 
think the physics studied at University should have practical applications]. The items 
loading onto this factor are all characterised by the need to solve a problem. 
Factor 3 is labelled Quest for quantum understanding. This can be seen in C04 [I had 
read about quantum phenomena, beyond the A-level course, before coming to 
University], C05 [I chose to study physics at University because I wanted to learn 
more about quantum phenomena] and C09 [I hope to take further modules in quantum 
physics during my degree]. Here the items go beyond the `need to solve a problem' 
towards a deeper understanding of `quantum phenomena'. 
If these factors are to be upheld it is necessary to find supporting evidence. To this 
end the sample was subjected to Cluster Analysis and Multidimensional Scaling. 
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Figure 5.3.2 Dendrogram following Cluster Analysis, using Ward's method, for 
the undergraduate `factor' group [N=1801 
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Figure 5.3.3 Dendrogram following Cluster Analysis, using Ward's method, for 
the undergraduate `factor' group - B10 and B28 eliminated [N=180] 
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Item number Statement 
One B34 Modelle are (if a temp rar\ nature. With the increase of knowledge a model may 
bcc mic obsolete or useless and either adapted or replaced by another model. 
B38 Models are aids to communication (e g in teaching) 
R17 A model depicts or describes a theory. 
B37 A model is formulated using facts obtained by experiment and/or observation. 
B15 How one thinks of the nature of li t depends on the experiment being carried out. 
B40 Models can be used to predict phenomena, structures or processes that have not 
previously been observed. 
BI2 The photon is a son of'ener y article'. 
B29 Models are visual representations of the abstract and unseen. 
B05 Models are constructions of the human mind. 
('03 I was taught physics at A-level by a teacher who was enthusiastic about the subject 
('10 In general I enjoy solving puzzles 
(111 I chose to study physics at University because I was successful at A-level 
B33 Individual electrons arc fired towards av en, narrow slit On the other side is a 
photographic plate What happens is that the cleetrons strike the plate one by one 
and gradualI build up a diffraction pattern 
Two B02 It is possible to have a visual image' f pur electron. 
B13 Electrons are waves 
BOI I he structure of the atom is similar to the way planets orbit the sun. 
B25 Electrons move around the nucleus in definite orbits with high velocity. 
B11 A model is a scaled up or down version of something real, with a one to one 
correspondence between the model and the real thing it represents (e. g. the solar 
system or an atom). 
B21 Nobody knows the position accurately of an electron in orbit around the nucleus 
because it is very small and moves very fast. 
B30 It 'a container has a few gas molecules in it and we know their instantaneous 
positions and velocities then we can use Newtonian mechanics to predict exactly 
how they will behave as time goes by. 
('02 M A-level phNsics course covered the basics ol'quanturn phenomena 
('05 I chose to studs physics at University because I wanted to learn more about 
quantum phenorneria 
('09 I hope to take tünher modules in quantum physics during my degree 
('06 I find it can, to think in abstract terms 
('08 I en ov mathematical PrOblenis in physics 
('04 I had read about quantum phenomena, beyond the A-level course, before coming to 
I Iniversity 
Boa I he atom is stable due to a'balance' between an attractive electric force and the 
movement of the electron. 
B23 Since electrons are identical it is not possible to distinguish between them. 
B14 When an electron ) umps' from a high orbital to a lower orbital, emitting a photon, 
the electron is not anywhere in between the two orbits. 
B16 Electrons move along wave orbits around the nucleus. 
B22 It is possible for a single photon to constructively and destructively interfere with 
itself. 
B06 Coulomb's law, electromagnetism and Newtonian mechanics cannot explain why 
atoms are stable. 
B20 Models do not represent the rue pi of atoms. 
B36 Orbits ofeleclmns are not eractli, detcmuned. 
B32 All models are mental iota ges (existing only in the human mind). 
B26 When a beam ofeleanxis produces a diffraction pattern it is because the electrons 
themselves are undergoing constructive and destructive interference 
('07 I think physics studied at University should have practical applications 
BI8 The photon is a 'lunip' of energy that is transferred to or from the electromagnetic 
field 
B19 Electrons consist of smeared charge clouds which surround the nucleus. 
B27 l lectrons move randomly around the nucleus within a certain region or at a certain 
distance 
Three B07 the electron is always a particle 
B09 light always behaves as a wave. 
B03 The ener of an atom can have any value. 
B24 A model always provides a complete description ol'the object, structure or process 
to nature that it models. 
B39 The photon is a small, spherical entity. 
B31 During the emission of light from atoms the electrons follow a definite path as they 
move from one energy level to another. 
B118 An atom cannot be visualised 
B35 Electrons are fixed in their shells. 
Table 5.3.6 Clusters listed by statement for the `factors' group after eliminating 
the `outliers' - BIO and B28 [N=180) 
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Multidimensional Scaling 
Table 5.3.7 Stress value following Multidimensional Scaling for the 
undergraduate `factors' group [N=1801 
0.25 
0.2 
> 0.15 
N 0.1 
H 0.05 
0 
number of dimensions 
Figure 5.3.4 Plot of stress value against the number of dimensions for the 
undergraduate `factors' group (N=1801 
Table 5.3.7 points to a two dimensional solution whilst figure 5.3.4 could be read as 
supporting either a two or three dimensional solution. A two dimensional solution is 
presented in figure 5.3.5. 
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Figure 5.3.5 Items for the undergraduate `factors', B10 and B28 eliminated, 
group mapped onto a 2D epistemological space [N=180] 
Whilst figure 5.3.5 allows the three clusters to be visualised in two dimensions the 
items in cluster one are poorly separated suggesting that a third dimension would 
allow for a clearer picture. A three dimensional solution is given in figures 5.3.6,5.3.7 
and 5.3.8. 
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Figure 5.3.6 Items for the undergraduate `factors', B10 and B28 eliminated, 
group mapped onto dimensions one and two of a 3D epistemological space 
[N=1801 
The similarity between dimensions one and two for the two and three dimensional 
solutions can clearly be seen. Since Multidimensional Scaling orders the dimensions 
by the amount of variance explained this is to be expected. 
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Figure 5.3.7 Items for the undergraduate `factors', B10 and B28 eliminated, 
group mapped onto dimensions two and three of a 3D epistemological space 
(N=1801 
Without dimension one the clusters cannot be resolved. Figure 5.3.8 presents 
dimensions one and three in the hope of clarifying the picture. If this does not occur 
then an attempt will be made to give names to the two dimensional solution. 
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Figure 5.3.8 Items for the undergraduate `factors', B10 and B28 eliminated, 
group mapped onto dimensions one and three of a 3D epistemological space 
[N=1801 
Without dimension two the clusters cannot be resolved. The two dimensional solution, 
as shown in figure 5.3.5 is taken to be the `best buy' and names are given to the 
clusters, as listed in table 5.3.6, and dimensions in figure 5.3.9. This is followed by a 
rationale for the names given. 
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Figure 5.3.9 Items for the undergraduate `factors', B10 and B28 eliminated, 
group mapped onto a 2D epistemological space - final solution [N=180] 
Interpretation of the Dimensions 
Dimension one, the x-axis on the 2D `map', is labelled; 
Abstract world view i -ooMechanistic world view 
At the Abstract extreme one finds, for example, items B34 [Models are temporary in 
nature. With the increase in knowledge a model may become obsolete or useless and 
either be adapted or replaced by another model], B15 [How one thinks of the nature of 
light depends on the nature of the experiment being carried out] and B37 [A model is 
formulated using facts obtained by experimentation and/or observation]. The 
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Mechanistic extreme is typified by B09 [Light always behaves as a wave], B07 [The 
electron is always a particle] and B03 [The energy of an atom can have any value]. 
Dimension two, the y-axis on the 2D 'map, is labelled; 
Happy to accept 4- lo. Desire to learn 
At the Happy extreme one finds, for example, C02 [My a-level physics course cover 
the basics of quantum phenomena], B21 [Nobody knows the position accurately of an 
electron in orbit around the nucleus because it is very small and moves very fast] and 
BO1 [The structure of the atom is similar to the way planets orbit the Sun]. The Desire 
extreme is typified by C04 [I had read about quantum phenomena, beyond the A-level 
syllabus, before coming to University], C08 [I enjoy mathematical problems in 
physics] and C05 [I chose to study physics at University because I wanted to learn 
more about quantum phenomena]. 
Interpretation of the Clusters 
Cluster 1, see figure 5.3.6, is labelled Successful modelers since it contains, for 
example, B38 [Models are aids to communication (e. g. teaching)], B17 [A model 
depicts or describes a theory], B12 [The photon is a sort of `energy particle'], COI [I 
chose to study physics at University because I was successful at A-level] and C10 [In 
general I enjoy solving puzzles]. 
Cluster two, see figure 5.3.6, could be labelled Quantum thinkers since it contains, for 
example, B22 [It is possible for a single photon to constructively and destructively 
interfere with itselfj, B28 [Whether one labels an electron a `particle' or `wave' 
depends on the experiment being carried out], C04 [I had read about quantum 
phenomena, beyond the A-level course, before coming to University], C08 [I enjoy 
mathematical problems in physics] and C09 [I hope to take further modules in 
quantum physics during my degree]. However this cluster could also be considered to 
Research findings and discussion main - 236 
question three 
Students' Understanding of Quantum Phenomena 
be made up of three distinct sub-clusters. See figure 5.3.3 on page 228 and table 5.3.8 
below 
Item number Statement 
Two A B02 It is possible to have a visual 'image' of an electron. 
K13 I lectrons are waves. 
11II1 the structure of the atom is similar to the wa planets orbit the sun. 
625 Electrons move around the nucleus in definite orbits with high velocity. 
B11 A model is a scaled up or down version ofsoniething real, with a one to 
one correspondence between the model and the real thing it represents 
(e. g. the solar system or an atom). 
B21 Nobody knows the position accurately ofan electron in orbit around the 
nucleus because it is ser small and moves very fast. 
630 Ifa container has a less gas molecules in it and we know their 
instantaneous positions and velocities then we can use Newtonian 
mechanics to predict exact) how they will behave as time goes by. 
('02 Mý A-level physics course covered the basics ol'quanturn phenomena 
Two B ('115 I chose to study physics at IJniversity because I wanted to learn more 
about quantum phenomena 
('09 1 hope to take timther modules in quantum physics during my degree 
(06 I find it easy to think in abstract terms 
('118 I enjoy mathematical problems in physics 
('led 1 had read about quantum phenomena, beyond the A-level course, before 
coming to University 
Two (' 6114 l he atom is stable due to a 'balance' between an attractive electric force 
and the movement of the electron. 
B23 Since electrons are identical it is not possible to distinguish between 
them. 
B14 When an electron 'jumps' from a high orbital to a lower orbital, emitting a 
photon. the electron is not an ii'here in between the two orbits. 
1116 Electrons move along wave orbits around the nucleus, 
B22 II is possible for a single photon to constructively and destructively 
interfere with itself. 
B06 C'oulomb's law, electromagnetism and Newtonian mechanics cannot 
explain whN atoms are stable. 
B20 Models do not represent the 'true picture' of atoms. 
B36 Orbits of electrons are not exactly determined. 
B32 All models are mental images (existing only in the human mind). 
B26 When a beam of electrons produces a diffraction pattern it is because the 
electrons themselves are undergoing constructive and destructive 
interference. 
('07 I think physics studied at University should have practical applications 
BI8 The photon is a 'lump' of energy that is transferred to or from the 
electromagnetic field. 
B19 Electrons consist of smeared charge clouds which surround the nucleus. 
B27 Electrons move randomly around the nucleus within a certain region or at 
a certain distance. 
Table 5.3.8 Sub-clusters in the Quantum thinkers cluster for the undergraduate 
`factors' group IN=1801. 
Sub cluster 2A can be labelled Non-questioning quantum thinkers. If one looks at the 
position of the items in sub-cluster 2A in figure 5.3.10 it is easy to see that they all fall 
towards the Happy to accept end of the dimension. 
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Sub-cluster 2B can be labelled Developing quantum thinkers. If one again examines 
figure 5.3.9 the items in sub-cluster 2B can all be found towards the Desire to learn 
end of the dimension. The items in this sub-cluster also provide support for factor 3- 
Quest for quantum understanding, see page 225. 
Sub-cluster 2C can be labelled Confused quantum thinkers. Reference to figure 5.3.9 
shows these items to be placed around the centre of the 2D epistemological space. 
Figure 5.3.10, below, reproduces figure 5.3.9 but removes items outside cluster two. 
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Figure 5.3.10 Sub-clusters within main cluster 2 for the undergraduate `factors' 
group [N=1801 
Cluster three, see figure 5.3.6, could be labelled Mechanistic thinkers since it 
contains, for example, B03 [The energy of an atom can have any value], B07 [The 
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electron is always a particle] and B09 [Light always behaves as a wave]. Items in this 
cluster also provide support for Factor 1, see page 224, Enthusiastic amateurism. 
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6. IMPLICATIONS 
6.1 Implications for Teaching and Learning 
This study shows that some students, both pre-university and undergraduate, cannot 
be considered to have an interpretation of quantum theory which even attempts to 
approximate to a non-classical interpretation of the formalised theory. This should not 
come as too much of a surprise since Planck and Einstein held a life long 
disagreement as to the `best' interpretation (Selleri, 1990). 
However teachers in schools, colleges and universities need to be sensitive to the 
variety in the nature of their students' thinking regarding quantum phenomena (i. e. 
from mechanistic to quantum modes of thought), and the possible groupings of 
conceptions that they may hold. In addition course developers, examiners and text 
book authors need to draw upon the available research to plan a sequence of 
instruction which allows the student to develop a conceptual framework for a subject 
which is often counter intuitive to common-sense or mechanistic reasoning. 
This raises a number of implications for pedagogy not least due to the lack of 
agreement as to the interpretation of quantum theory. 
Should we teach only the Copenhagen interpretation of 
quantum mechanics? What about the'many worlds' 
interpretation? The 'Hidden Variables' interpretation? In the 
discussion between Planck and Einstein concerning the 
reality of quanta, the two disagreed on what should be 
regarded as the 'best' interpretation of statistical mechanics. 
(Mashaddi, 1996) 
For the findings reported here; 
9 Some second year physics under graduates still hold a mechanistic world view 
" At the level of the group little progress in quantum thinking appears to have been 
made between first year of GCE A-level and second year undergraduate study. 
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" Undergraduate physics students do not question, but simply accept, `models' and 
`explanations' given 
" As in other, well documented areas of science education, the role of models in 
understanding is shown to be important 
" The `wave-particle' or `duality' confusion continues through undergraduate study. 
have implications for pedagogy. Given the 'crowded' GCE A-level syllabus' novel 
ways of explicating the role of 'models', 'language' and the'nature' or'philosophy' of 
science need to be found. 
The real challenge for all physics educators, including physics education researchers, 
lies in the undeniable fact that the'real world' is quantum mechanical but the 
mechanistic world view is held by a sizeable proportion of both pre-university and 
undergraduate physics students. Perhaps this is not surprising since to the students the 
'real world', i. e. the world experienced by them is mechanistic. 
' From September 2000 students in England and Wales will study physics post-sixteen at AS and A2 
levels. AS level, which will include quantum phenomena, is to be examined at a level between the 
current GCSE and GCE. With potentially more students taking AS physics the need to present the 
ideas of quantum physics in a manageable way becomes evermore important. 
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A way forward? 
In looking for a route through the `mine field' of quantum phenomena this author 
would suggest that all of those involved in physics education work towards 
developing a pedagogy which avoids presenting students with first a `mechanistic' 
model and then a `quantum' model. This present, work which supports that of 
Ambrose et al (1999), Fischler and Lichtfeldt (1992) and Mashhadi (1996), shows that 
the current pedagogy is failing many students. Given that these students are successful 
enough at GCE A-level, and show sufficient commitment, to gain a University place 
to read physics further strengthens the need for a new pedagogy. Referring to the 
work of Fischler and Lichfeldt (1992), mentioned above, a teaching strategy is 
recommended in which: 
1. Reference to classical physics is avoided. 
2. Teaching of the photoelectric effect begins with electrons not photons. 
3. Statistical interpretations of observed phenomena are used and dualistic 
descriptions avoided. 
This avoids some of the confusion which students, even as second year 
undergraduates, have to battle with regarding `wave-particle duality'. See, for 
example, pages 177 and 178. 
4. Clarification of the meaning of quantum effects 
5. The Heisenberg uncertainty principle is introduced at an early stage for ensembles 
of quantum objects. 
6. In the treatment of the hydrogen atom the Bohr model is avoided. 
By avoiding the Bohr atom students are less likely to be drawn towards the `sun and 
planet' model of the atom. Such an attraction is to be expected since students react to 
things on the basis of meanings which these things have for them, (Blumer, 1976) and 
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their stock of common place knowledge and situational experience, (Schütz and 
Luckmann, 1979), would lead them towards such a model. 
Perhaps it is time for a reappraisal of both pre-university and undergraduate physics in 
light of this and other research into student understanding. 
A teaching approach, for example, like the one introduced 
here, which, from the outset, considers possible 
conceptions of students in detail and consciously provides 
room for these conceptions to develop in class, will 
achieve an increased cognitive conflict situation which 
will then, in turn, lead the students to grapple with the 
subject. 
(Fischler and Lichtfeldt, 1992) 
Using such a model Fischler and Lichtfeldt tested the conceptions held by 224 
students regarding the nature of electrons and atoms prior to instruction. Of this group 
108 where taught quantum phenomena in the `traditional' way and 116 using the `new 
approach'. All students received 32 lessons of instruction and were re-tested five 
weeks after the completion of the course. The change in conceptions held, from 
`Circle' to `Localisation of Energy', see pages 6 to 8, can be seen in figure 6.1.1 
c 80 i 
60 
40 
= 20 
L--6mmL FIR 0 F1 fl. 
none little satisfactory complete 
control 71 27 120 
test 6 27 47 1 20 
  control 
U test 
Figure 6.1.1 Conceptual change following instruction 
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The above provides some evidence to support the notion that an alternative teaching 
approach can avoid confusion and lead to conceptual change which appears to be 
stable over time rather than due to memory. Unfortunately in the UK and elsewhere 
the teaching of quantum phenomena at both school and university relies on 
mechanistic models which, in the opinion of this author, over emphasise classical 
concepts. 
In school physics, the subject matter of modern theories is 
described with methods and conceptions of classical physics 
which, for this purpose, are insufficient. In so doing, all the 
unnecessary contradictions and difficulties are introduced into 
the school, which even the most outstanding physicists of the 
semi-classical epoch in physics (c. 1900-1925) had to grapple 
with because they had not yet fully uncovered the causes of 
these difficulties. 
(Brachner and Fichtner, 1974) 
Whilst tables 5.2.22 and 5.2.23, pages 218 and 219, show greater understanding 
amongst undergraduates than pre-university students both groups have `problems with 
duality', see for example table 5.2.10 on page 184. 
How could an alternative approach be applied? 
Taking the above route and the GCE A-level syllabus being followed by the students 
in this study the following is offered for the pre-university group. 
The electron diffraction tube 
The diffraction pattern seen with the electron diffraction tube can be interpreted in 
terms of wavelength since its appearance is the same as that for light. The De Broglie 
wavelength, X=h/p, can be arrived at by treating the electrons as classical objects 
before they are diffracted. The need for wave particle duality or matter waves can be 
avoided. Electrons can be treated as quantum objects. This removes the need to treat 
electrons as particles during their acceleration and when in-flight prior to reaching the 
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diffractor and then as waves after passing through the diffractor. Russell Stannard, 
(1994), uses this description in a manner aimed at 9 to 13 year olds in his Uncle 
Albert and the Quantum Quest. This text should, I feel, be'set' reading for GCE A- 
level physics. 
The Double Slit Experiment 
By using video clips it can be demonstrated that a beam of electrons produce an 
interference pattern familiar to the students from work on light hence electrons are 
not classical particles By allowing only single electrons into the system a statistical 
distribution is revealed hence electrons are not waves. Therefore electrons are 
quantum objects. 
The Franck and Hertz Experiment 
This experiment can be used to develop E= hf. Mercury atoms absorb energy in 
discrete amounts, E. This energy, when emitted as radiation, shows a relationship 
between the energy, E, and the frequency, f, which allows the Planck constant to be 
arrived at. This further allows the development of line spectra and energy levels in the 
atom with no mention of photons 
The photoelectric effect 
The photoelectric effect can be introduced by treating light as a quantum object. 
Rather than photons it is possible to refer to quantum objects. This avoids the 
temptation of students to relate photons with classical particles. 
This would cover the requirements for the syllabus followed by students in this study. 
For undergraduate work, and pre-university work if syllabus space could be found, the 
following could be added using the quantum object approach: 
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" The uncertainty principle - this, I feel, should be limited to the Ax. Ap >_'/2h since 
it becomes difficult to attach any meaning to the `uncertainty of time of a particle 
or quantum object' expressed in AE. At ý: '/2h 
" The square-well potential for the hydrogen atom which could lead to the two 
dimensional Schrödinger equation. 
The meaning of quantum theory - this need not be mathematical and may appeal 
to those students who appreciate the philosophical rather than the mathematical. 
One University involved in phase three of the study delivers a course of twenty one 
lectures to its first year undergraduates under the title Quantum Mechanics as follows. 
Brief review of classical physics. Outstanding problems: 
black body radiation, photo-electric effect, stability of 
atoms. Discovery of Planck's constant. Quantisation of 
energy. Particle nature of radiation. Compton effect. 
Rutherford model of the atom. Bohr model of the hydrogen 
atom; its successes and limitations. Particle-wave dualism. 
Double slit experiment; quantum mechanical interpretation. 
Wave nature of matter. Uncertainty principle; worked 
examples. Schrödinger's non-relativistic wave equation. 
Separation of variables. Expectation or mean values. 
Bound state and potential well problems: square wells of 
infinite and finite depth. The solution of Schrödinger's 
equation for the simple harmonic oscillator. Reflection and 
transmission of particle beams by potential steps and 
barriers. Tunnelling. Theory of alpha radioactivity. 
(received by private communication) 
It is interesting to note how much of this'syllabus' follows the model of GCE A-level 
in terms of the photo-electric effect, stability of atoms, the Bohr atom, wave nature of 
matter and the uncertainty principle. However it does introduce the notion of mean or 
expectation values. Returning to findings reported in this study and the work of 
Fischler and Lichfeldt (1992) it is worth measuring the above against; 
Reference to classical physics is avoided. 
Teaching of the photoelectric effect begins with electrons not photons. 
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Statistical interpretations of observed phenomena are used and dualistic 
descriptions avoided. 
The Heisenberg uncertainty principle is introduced at an early stage 
for ensembles of quantum objects. 
In the treatment of the hydrogen atom the Bohr model is avoided. 
Perhaps a change in approach at GCE A-level could drive a change in approach at 
undergraduate level and students at all levels be guided towards a greater 
understanding of quantum phenomena. 
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Further Research 
Following from the findings presented in the various sections of chapter five it is 
suggested that further research is needed in the following areas: 
0 Gender differences - Is the 4: 1 ratio of male to female students a significant 
factor? Tables 5.2.18, page 213 and 5.2.20, page 216 both show significant 
differences in response between female and male students. The differences, as 
shown in the two tables, are considerably greater amongst undergraduates than 
pre-university students. The data collected in this study do not allow for further 
investigation of this problem but the following avenues are suggested for follow 
up work. 
1. Are the male and female groups matched in terms of ability, e. g. GCSE profile 
or A-level points score? 
2. Are the male and female groups matched in terms of their reason for studying 
physics at A-level, e. g. as a'means to an ends' - to read medicine or law', or at 
University, to teach science ? 
Table 6.2.1 below shows those C items which have a significant difference in 
response between female and male students. It is also interesting to note that for each 
item which showed a significant difference the mean score for females was higher 
than that for males. 
3. Are the male and female groups matched in terms of school / college ethos, 
e. g. is there a tradition of female physics students, is the subject taught by 
female physicists? 
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Significance Item Statement Chi-square Mean 
level number value score 
0.01 
C04 I had read about quantum 7.080 f 3.6 
phenomena, beyond the A-level m 2.9 
course, before coming to 
University. 
C09 1 hope to take further modules in 9.045 f 3.1 
quantum physics during my m 2.5 
degree. 
CIO In general I enjoy solving 8.041 f 2.3 
puzzles. m 1.9 
0.05 
C05 I chose to study physics at 5.568 f 3.2 
University because I wanted to m 2.8 
learn more about quantum 
phenomena. 
0.10 
C07 I think the physics studied at 3.634 f 2.8 
University should have practical m 2.3 
applications. 
Table 6.2.1 Significant differences in response between female and male students 
on C- items 
" Transfer to Higher Education - How much 'understanding' transfers with a student 
when they move into higher education, what assumptions do undergraduate tutors 
make? The following areas are considered worthy of further exploration: 
1. How well matched is the GCE A-level 'core', especially material dealing with 
quantum phenomena, to first year undergraduate programmes? 
2. What proportion of undergraduate students would choose to study quantum 
phenomena having had a taste? 
3. How does the level of understanding change over time from first year A-level 
to final year undergraduate studies? 
Tracking progression having shown that significant differences exist, at the level 
of the group between pre-university and undergraduate physics students further 
work is needed in tracking the changes in students thinking. Using current data it 
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may be possible to track this over four years from first year GCE A-level to 
second year undergraduate study. 
Can'quantum understanding' be developed by an alternative teaching programme? 
The work of Fischler and Lichtfeldt discussed in section 6.1 would suggest that a 
constructivist approach holds some promise. 
More generally in science education several projects, for example CLISP2 and 
CASE', have shown that alternative strategies with a constructivist leaning can 
produce measurable improvement. Whilst not suggesting that either of these two 
`alternatives' are suitable for developing understanding quantum phenomena - indeed 
CASE is content non-specific. In order that any alternative approach may be tried 
with quantum phenomena the following points need to be considered. 
1. Can suitable sample and control groups be found? 
2. Can teaching staff be supported, by training, in implementing the new 
approach. 
3. Can an examining group willing to set questions based on the new approach be 
found? 
4. Will the subject criteria for A-level physics allow such a study to be carried 
out? 
5. Will a University physics department be willing to try a new approach before 
it as been shown to be an improvement? 
one `alternative' strategy currently under development, in Germany, and being trailed 
with trainee physics teachers is that of Popsiech (1999a, 1999b). The approach taken 
z CLISP - Children's' Learning In Science Project based at Leeds University explored the 
"Constructivist approach' to dev eloping'children's science and using 'alternative frameworks' to 
develop understanding. 
3 CASE - Cognitive Acceleration Through Science Education based at Kings College uses a Piagetian / 
COnstructivist approach to d6veloping'thinking' in science. Results have shown that CASE groups can 
expect higher grades at GCSE, not only in science. 
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is to introduce quantum physics via an idea which has no classical analogy. The idea 
chosen is that of spin. Since this is not only a work in progress but also the only such 
project uncovered by the author a brief outline is given below. 
Spin lies at the heart of quantum theory. A spin system of just two particles, i. e. 
existing in a four dimensional Hilbert space, cannot be described classically. 
The description of spin, by its mathematical structure, is typical of quantum 
theory. The mathematics of spin is relatively simple, being based on the Pauli 
matrices: 
. The, Heisenberg, uncertainty principle can be explained via the non-existence of 
fixed values for properties ratlier than our inability to accurately measure real 
properties. 
. Spin can lead to the EPR gedaken experiment. This opens the way to a 
philosophical discussion of reality and objectivity in nature treated on a 
mathematical and physical foundation. 
An introduction to quantum mechanics using spin as a starting 
point quickly gives gifted or interested pupils the chance to 
discuss the properties of quantum objects. Mathematical 
structures and the interpretation of quantum mechanics are dealt 
with on a technically very modest level but are nonetheless 
quite precise. Since spin is a purely quantum mechanical 
phenomena this opens, via the EPR gedanken experiment, a path 
to understanding the concepts as well as philosophical 
implications of quantum theory and hence gives the possibility 
for people to revisit their view of nature, their JVelibild I 
regard this an important contribution to general education. 
(Pospiech, 1999b - emphasis added) 
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This approach is in keeping with other studies, avoidance of `duality' and reduced 
emphasis on mathematics, in Germany and America. Perhaps it is only when Physics 
educators are given sufficient freedom to implement alternative teaching strategies that 
the way forward will become clear. 
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APPENDICES 
The following three appendices are included to provide the reader with sufficient 
background to enable an 'easy' reading of the main thesis without the need to refer to 
additional texts. 
They are not, however, designed to replace standard texts on the subjects and the 
reader is referred to such texts in order to acquire a greater depth of understanding 
following the study of this thesis. 
The main thesis is designed to be capable of being read, with understanding, without 
the need for the reader to work through the appendices. 
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Appendix A- Bell's Theorem 
Bell's theorem was first published in 1964, in Physics 1, under the title `On the 
Einstein-Podolsky-Rosen Paradox'. The EPR paradox suggests that measurements on 
one object, A, affect what we can predict for measurements on a second object, B, 
even if the objects are so far apart that a signal from the first object could not reach 
the second before the measurement was made, even when travelling at the speed of 
light. This can be explained in one of two ways, measurements on A actually have an 
effect on B or measurements on A only affect our knowledge of the state of B. That is 
they only tell us something about B which was true before the measurement was 
made. The second alternative explanation is, in essence, an everyday occurrence: 
.... we image that a box is known to contain two billiard balls, one of which is black and the other white. We then 
remove one ball, in the dark, and put it on a rocket which 
flies off into space. At this stage all that we know about the 
colour of this ball is that there is a 50% chance of it being 
black Oust like a spin in a given direction might have a 50% 
chance of being either + V2 or - V2). We then look at the ball 
remaining in the box and if it is black (white) we immediately 
know that the other ball is white (black). Again this is 
superficially rather like our experiment with two spin V2 
particles. However we know that in no sense do we do 
anything to the distant ball by looking in the box. It was 
already either white or black. Because of our lack of 
knowledge, our previous description was incomplete. A 
complete description did however exist, and with such a 
complete description, the observation of the colour of the 
remaining ball would clearly have no effect. 
(Squires, 1986) 
The first alternative, which is in essence Bell's theorem, is contrary to the notion of 
locality and indeed, one may argue, of common sense. It is easy to think that a 
complete description, along the lines given above, can exist for the EPR experiment 
but Bell's theorem shows that this is not the case either in terms of quantum theory or 
experiment. What follows is an outline proof of the theorem: 
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Consider the experimental arrangement as shown in figure A. 1. 
Zero spin particle - at rest 
" 
decays into two spin / particles 
10 
00 
A (B) spin +% (- 94) B (A) spin -'h (+'/a) 
Device to measure g 
spin along a 
Device to measure 
spin along b 
V 
Device to record a 
Device to record 
(t 1) (± 1) 
13 
Device to record 
c= aß (±1) A. 
Figure A. 1 Bell's theorem and the EPR spin experiment 
If we suppose that the two spin measuring devices are connected to two recording 
devices which store the results of the measurements as either -1 for spin -'/2 and +1 
for spin +'/z. Let a be the value recorded for particle A and ß be the value recorded 
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for particle B. The experiment is really more concerned with the product of a and ß 
which in the above figure is shown as c. 
The experiment requires that the value of c for each decay, this is always ±1, then 
calculate the average value over a large number of decays. The average value 
calculated will be dependent on the orientation of the two spin measuring devices 
which, using the notation developed by Squires (1986), allows us to write: 
<c (a, b)> = Average value of c 
= Average value of a. 
It is clearly self evident that this value must always be in the range -1 to +1 or: 
-1 5< (a, b)>: 5 +1 
If we now introduce a new variable, H, which is designed to give a complete 
description of the two spin 1/2 particles then knowing H tells us everything that can 
be known about the system It then follows that each event must be associated with a 
specific value of H. This allows us to write: 
c(H, a, b) = a(H, a). ß(H, b) and hence <C (a, b)> = average over H of c(H, a, b). 
By now considering two orientations for each of the spin detectors, a and a' for Aab 
and b' for B, two numbers are generated for both a and ß giving four numbers in total 
each of which is +1 or -1. By again drawing on the work of Squires (1986) a new 
quantity, F (H, a, a', b, b') can be defmed by; 
F(H, a, a', b, b')=c(H, a, b)+c(H, a', b')+c(H, a', b)-c(H, a, b') 
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This in turn allows us to write; 
<F (a, a', b, b')> = <t(a, b)> + <t(a', b')> +< (a', b)> - <c(a, b')> 
All possible values for a and ß are given in the table below 
as + + + + + + + + - - - - - - - - 
+ + + + - - - + + + + - - - - 
+ + - - + + - - + + - - + + - - 
Ab + + + + + + - + - 
F 2 2 -2 -2 -2 2 -2 2 2 -2 2 -2 -2 -2 2 2 
Table A. 1 possible values of F 
Therefore allowing us to write -2: 5 <F (a, a', b, b)>: 5 +2 which is one form of Bell's 
inequality. 
In Search of Dr Bertlmann's socks 
If the reader is now of the opinion that Bell's theorem and the business of quantum 
theory is far removed from everyday experience then the following derivation of 
Bell's theorem using 'socks'. 
The philosopher in the street, who has not suffered a course 
in quantum mechanics, is quite unimpressed by the Einstein- 
Podolsky-Rosen correlations. He can point to many examples 
of similar correlations in everyday life. The case of 
Bertlmann's socks is often cited. Dr. BertImann likes to wear 
two socks of different colours. Which colour he will have on 
a given foot on a given day is quite unpredictable. But when 
you see that the first sock is pink you can be already sure that 
the second sock %rill not be pink. Observation of the first 
experience of BertImann, gives immediate information about 
the second. There is no accounting for tastes, but apart from 
that there is no mystery here. And is not this EPR business 
just the same? 
(Bell, 1987) 
Allowing Dr Bertlmann to carry out a series of experiments on his socks can derive 
Bell's theorem. These experiments involve washing the socks at different 
temperatures. The following derivation is based on that given by Baggott (1992). 
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Imagine Dr Bertlmann subjects his left socks (L. k) to three tests; 
Test a washing at 0°C 
Test b washing at 22.5°C 
Test c washing at 45°C 
All tests being for the same duration, for example 30 minutes. 
The number of La that survive (pass) a test are denoted by + whilst those that are 
destroyed (fail) a test are denoted by -. Using this notation the number of socks that 
pass test a and fail test b can be written as n [a+ b_]. Simple deduction must then allow 
us to write. 
n [a+ b. ] = n[a+ b. c+] + n[a+ b. c. ] 
It must then follow that: 
n [a+ c. ] = n[a+ b+ c. ] + n[a+ b. c. ] and n[b+ c. ] = n[a+ b+ c. ] + n[a. b+ c. ] 
It also follows by simple inspection that: 
n[a+ b. ] z n[a+ b. c. ] and n[b+ c. ] ý n[a+ b+ c. ] 
Which leads to the obvious statement: 
n[a+ b. ] + n[b+ c. ] z n[a+ b. c. ] + n[a+ b+ c. ] 
Which in turn reduces to n[a+ b. ] + n[b+ c. ] z n[a+ c. ] 
The reader will now spot the flaw in the argument. Subjecting Lso, k to a test, for 
example test a, changes its physical characteristics. If Lsock pass test a and are then 
subjected to test b we cannot know that the result will be the same as for a new sock 
and if Lek fail the first test then it is not available for a second test. Therefore one can 
argue that the numbers above have no practical relevance, the experiment is not a fair 
test and as such would be rejected by any UK secondary school student. However 
there is a way out for Dr Bertlmann because socks come in pairs. In the above 
experiment we have only considered the left sock Lsmk but if we carry out a test on a 
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right sock, R, k, the result can be used to predict the outcome of having carried out the 
test on the left sock from the pair. We can now allow Dr Bertlmann to carry out three 
further experiments. 
1. Lek is subjected to test a and Rsmk, from the same pair, is subjected to test b. If 
R. ck fails test b then it implies that Lk would also have failed test b. The number 
ofpairs for which Ls(wk passes test a and R.. k fails test b is given by N+. (a b). 
However this number is equal to the theoretical value found for the Lsock 
experiments and hence, N+. (a b}= n[a+ b. ]. 
Z. I .,. k is subjected to test b and Rik, 
from the same pair, is subjected to test c. The 
reasoning for experiment I allows Dr Bertlmann to state; 
N+. (b c)= n[b+c_] 
3.4, k is subjected to test a and Rwck, from the same pair, is subjected to test c. The 
reasoning for experiment I allows Dr Bertlmann to state; 
N+. Ja c) = n[a+ c. ]. 
These results lead to the conclusion, N4, f a b)+ N+. Jb c)ý: N+. (a c). If the same 
number of pairs were used in each of the three experiments then the probability of 
obtaining a given outcome will be of the same form and therefore; 
P+. {a b}+ P+. {b c}; -> 
P4-fa c}- which is a form of Bell's inequality. 
This digression can be used to form the basis of a derivation of Bell's inequality based 
on pairs of photons rather than socks. 
A second derivation involving pairs of photons passing through two polarizers 
orientated at one of three angles, as outlined in figure A. 2,0', 22.5'or 45' generates 
probabilities of detection': 
1 Since mathernatics of the probabilities requires a working knowledge of wavefunctions and 
eigenstates the reader is referred to Baggott (1992) for a fiill derivation which includes a clear 
explanation of Dirac's Bra and ki notation. 
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P++(a, b) = 1/2 cos`(b-a) 
P, -(a, 
b) = 1/2 sin`(b-a) 
P_+(a, b) = 1/2 sin2(b-a) 
P--(b-a) = 1/2 cos2(b-a) 
Polarizer A with source Polarizer B with 
orientation a orientation b, rotated 
through (b-a) with 
respect to A. 
Figure A. 2 detecting photons 
Consider three experiments in which the vertical axes of the two polarizers are 
orientated as follows. 
Experiment Orientation of A Orientation of B Difference 
1 00 22.5° 22.5° 
2 22.5° 45° 22.5° 
3 0° 450 450 
Table A. 2 Polariser orientations 
Using the probability equation for Bertlmann's socks, the detection probabilities from 
above and labelling 0' as a, 22.5'as b and 45' as c we can proceed as follows-, 
P+_{a b}+ P+-{b c}>_ P+-{a c} = 1/2 sin2(b-a) + 1/2 sin2(b-c) ? 1/2 sin2(a-c) 
or 1/2 sin`(2 2.5°) + 1/2 sin`(22.5°) >_ 1/2 sin2(45°) 
which gives 0.146 >_ 0.250 
This is obviously wrong and hence quantum theory predicts a violation of Bell's 
inequality. To date ALL experiments support quantum theory. 
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Appendix B- Dirac's Sea Model 
Paul Dirac, in 1926 2, set about the task of 'unifying' special relativity and quantum 
theory. This work involved a solution to the relativistic relationship for Energy, E, and 
momentum, p, in which 
E2 =p2c2 + mozc4 
Therefore (p2c2 + m2c4)v' =±E 
Dirac took the ]eap of faith required to accept the negative energies suggested by the 
above equation. The explanation proposed by Dirac became knowm as the Dirac sea 
model. In this model particles of negative energy, what we now call anti-particles, are 
in negative energy levels. To prevent all matter collapsing into infinitely deep 
negative energy levels Dirac invoked the Pauli exclusion principle, see appendix C, 
and argued that all the negative energy levels werefull. The problem then arose as to 
why we do not see these negative energy particles, given that the Universe is full of 
them. Dirac used an analogy based on dolphins. Dolphins, Dirac argued, do not see 
the water that they are surrounded by but they can see holes or bubbles in the water. 
Hence if we could make a hole in the negative energy sea we would see it. 
Given that relativity theory gives the rest energy of a particle as E= mc2 an argument 
can be developed as follows. 
2 Something of a myth has grown around this work. it is believed that Dirac set about it following a bet 
with Heisenberg. The wager was how long it would be before spin was understandable within the framework of quantum theory. Heisenberg suggested three years whilst Dirac went for three months. If 
the wager were set then Dirac would have collected since he presented a paper to the Proceedings of 
the RcVW Society, in January 1928. 
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Photon of 
energy 2moc` 
E=0 
Negative energy levels that 
are all full. 
0 Real particle 
E=0 
Hole or anti-particle 
visible in the 
negative energy sea 
Figure B. 1 Dirac's sea model 
The energy required to move a particle from a negative energy of -mc 2 to a positive 
2- 
C2 energy of + mc is obviously 2 m,, and this is provided by the photon. The sudden 
appearance of a particle and anti-particle is often referred to as pair production, for 
example an electron and a positron. When a positive energy particle comes into 
contact with its anti-particle, or when a particlefalls into the hole, energy is released 
and the particle is annihilated. An example of an annihilation interaction is: 
e +e+ 2y 
Dirac's sea model, like all analogies in physics, eventually breaks down. The reliance 
on the Pauli exclusion principle means that in cannot be used to explain the group of 
Appendices 275 
Students' Understanding of Quantum Phenomena 
anti-particles called hosons since these do not obey the exclusion principle. An 
alternative approach to anti-particles at an introductory level is as follows. 
Imagine a closed system with total energy E, total momentump and total charge q. 
Adding an additional particle, to the systern. with energy E', momentum Pand charge 
q'will have the same net effect on the system as taking away a particle of Energy -E', 
momentum -p'and charge -q'. This is shown in figure B. 2. 
o-0 
Energy E', cha 
and momentur 
0 
--* 
, rgy -E', charge -q' 
momentum -p' 
Fig B. 2 an alternative model for anti-particles 
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Appendix C- The Pauli exclusion principle 
The Pauli exclusion principle has not only been of use to quantum mechanics but is 
also a useful tool for astronomers and cosmologists. 
.... The Pauli exclusion principle states that no two electrons 
can occupy the same quantum state with the same quantum 
numbers. This means that a white dwarf 3 can be approximated 
as a Fermi sea4, or gas of electrons obeying the Pauli principle. 
Since electrons cannot be in the same quantum state, a net 
repulsive force prevents them from being compressed down to 
a point. In a white dwarf star, it is this repulsive force that 
ultimately counteracts the gravitational force. 
The same logic applies to neutrons in a neutron star, since 
neutrons also obey the Pauli principle.... 
(Kaku, 1994) 
Returning to electrons in atoms, or Dirac's sea model - see appendix B, it follows that 
if no two electrons are ever in exactly the same state of motion and they obey Fermi- 
Dirac statistics then they must obey the Pauli principle. Any particle that obeys 
Fermi-Dirac statistics is said to be afermion. Ilis means that the interchange of two 
identical particles requires that the wavefunction changes sign. 
if we suppose that two fermions are in the same state, for simplicity consider the 
same point in space, for example both are there. If they were interchanged we would 
from having one fermion there and another fermion there to having another fermion 
there and one fermion there. Obviously this implies that no change has taken place 
but Fermi-Dirac statistics require a cbange in sign of the wavefunction. There is only 
one quantity "clever enough to be itself and 
minus itselE That quantity is zero. " (Polkinghorne, 1985). However a wavefunction 
of zero would vanish and it is therefore pointless to think of the two fermions being 
in the same state. 
3 Our sun will eventually become a %%hite &-arf When all the available Helium has been used up in the 
process of fusion gravity will cause the sun to collapse to about the size of planet Earth. This small star 
with a large mass, therefore huge density, is a %bite dwarf 
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Not all particles obey Fermi-Dirac statistics. Those that do not obey Bose-Einstein 
statistics and are called bosons. Bosons do not obey the Pauli principle, just the 
reverse, they prefer to occupy the s=e state. This is often given as a reason to avoid 
the Dirac sea model since it cannot explain boson anti-particles. 
A Fermi sea is a large nwnber offermiorm 
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Appendix D- interview protocol 
The small scale interviews with pre-university and undergraduate physics students 
were not fomialiscd in the sense of generating written transcripts but they were 
informed by the work of Kalmus, see pages 117 and 118 of this thesis, and did follow 
a set protocol. 
In trying to ensure that the information gathered had some measure of uniformity the 
following outline script was used. 
**ý**** 
Preamble: Hello and thank you for agreeing to answer a few questions. This 
interview is not a formal one and will not affect your assessment in any course you 
are taking or rmy wish to take. However, by giving your honest answer to the 
questions you may help us to better advise future students. 
1. Firstly can I ask why you chose to study physics at A-level/University? 
A-level students generally studiedphysics because they 'needed it'for their 
undergraduate course or because they were 'good at it. 
la. In choosing to study physics at University was this influenced by your success at 
A-level? 
& I:. - Strice choices are made before results are available students gave enjoyment of the 
subject and the enthusiasm oftheir A -level teacher(s) as being important. 
2. Can we talk about quantum phenomena now, do you think you're a-level course 
covers/covered gives/gave a basic introduction to quantum phenomena? 
A -level students were often unsure as to the range or scope of syllabus items which 
could be considered to be 'quantum phenomena' Undergraduates generally 
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recognised that 'the photoelectric effectand 'line spectra'were explained by 
quantum theory. 
2a. Did you read outside the A-level syllabus on topics related to quantum 
phenomena, for example popular books by John Gribbin, Richard Feynman or Paul 
Davies? 
Whilst many had it it-as more commonfor this to be due to 'directed reading'by 
parents andlor teachers. In some cases it was evident that peer ýpressure' had led to 
them 'dipping into'a popular account. 
3. Many people see physics as a puzzle solving exercise but the puzzles are too 
abstract or too mathematical for most people to handle. Do you enjoy solving 
puzzles? 
A distinction arose hehiven A -level and undergraduate students in that A -level 
students appeared to like 'getting the right annver'whilst undergraduates were more 
concerned with finding a solutionwhich they it-ere 'happy itith'. 
3a. Do you find it easy to think in abstract terms when tackling a problem? 
,4 -level studentsfound 
difficulty Wth the term 'abstract'and once it was explained 
appeared to prefer 'concrele'problems. Undergraduates either agreed that it was 
something idth which they it-ere happy or something that they had 'improved at' 
during their time at university. 
3b. Thinking now of mathematical problems how do these rate in your enjoyment of 
physics? 
Again a difference was apparent behreen the two groups with A-level students 
prefering a formula'and having the 'right answerand undergraduates looking to 
`undersatnd why. 
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4. Quantum theory can be rather theoretical and many people would question its 
practical value, do you think niversity physics should be focused on areas with 
practical applications? 
Both the pre-university and undergraduate groups either responded along the lines 
of 'we don't know what will be ofpractical use in thefuture'or 'that's whatPhysics 
is all about' Several of the undergraduate group were able to cite examples, 
particularly in electronics, of topics studied for their own sake' which became topics 
ofgreat practical application. The pre-university group were almost exclusively, 9 of 
the 10, ofthe opinion that if it wasn't ofpractical value 'we wouldn't study it - 
that's what research isfor. ' 
Undergraduates only 
5. Looking at the research into student choice it appears that quantum phenomena are 
often given as a reason for choosing to read for a physics degree, did it influence 
you? 
A fifty -fifty split came out ofthis question. Those who agreed that they wanted to 
study quantum phenomena also generally gave related topics, nuclearlparticle 
physics or relativity as additional reasons. Those who had not been inj7uenced to 
study physics by the prospect of quantum phenomena all agreed that it had been 
'interesting' whilst also being 'dijficult'or 'mind blowing. Only one considered it to 
he 'simply mathematical - not describing anything 'real' that can he seen. ' 
5a. Do you hope to take further quantum mechanics modules in your degree? 
Some students still had 'compulsorymodules in quantum mechanics to attend but all 
of these were lookingforward to developing an 'understanding of the things we have 
been introduced to. O)rthose with afree choice a minority appeared to be actively 
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lookingfor additional courses in quantum theory. Further probing often showed that 
this was not down to a lack of interest in quantum phenomena but a greater interest 
in other topics. [this also appears to be the case with the uptake of physics at A-level 
- it is not that students are actively against physics but they are more pro sociology, 
psychology, economics, theatre studies, sports science..... ]. 
All 
Postscript: Tbank you once again for your help and good look with your future 
studies. 
Using the research of Kalmus and the responses from the interviews ten items were 
generated for the second questionnaire. This was used only with the undergraduate 
group since it was apparent that many A-level students lack a grasp of what should, 
or should not, be included under the generic title of 'quantum phenomena'. This lack 
of knowledge does not affect the first forty items in the questionnaire since these do 
not require a student to 'knoV if a phenomena can be considered a'quantud 
phenomena. 
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Appendix E- raw data 
The data presented here are all coded in the same way; 
A= pilot study, main questions one and two, main question three [P. M129 M31 
B= pre-university or undergraduate [I or 2] 
C= first or second year of study [I or 2] 
female or male student [I or 2] 
E to AR = response to items BO I to B40 [1,, 2 3,4 or 5] 
The data used to address main question three includes additional coding; 
AS to BB = response to items CO I to C 10 [ 1,2,3,4 or 5] 
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